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We present a search for a standard model Higgs boson decaying to two W bosons that decay to
leptons using the full data set collected with the CDF II detector in

√
s = 1.96 TeV pp̄ collisions

at the Fermilab Tevatron, corresponding to an integrated luminosity of 9.7 fb−1. We obtain no
evidence for production of a standard model Higgs boson with mass between 110 and 200 GeV/c2,
and place upper limits on the production cross section within this range. We exclude standard model
Higgs boson production at the 95% confidence level in the mass range between 149 and 172 GeV/c2,
while expecting to exclude in the absence of signal the range between 155 and 175 GeV/c2. We also
interpret the search in terms of standard model Higgs boson production in the presence of a fourth
generation of fermions and within the context of a fermiophobic Higgs boson model. For the specific
case of a standard model-like Higgs boson in the presence of fourth generation fermions, we exclude
at the 95% confidence level Higgs boson production in the mass range between 124 and 200 GeV/c2,
while expecting to exclude in the absence of signal the range between 124 and 221 GeV/c2.

PACS numbers: 13.85.Rm, 14.80.Bn3

I. INTRODUCTION4

In the standard model of particle physics (SM), the5

electroweak force is characterized by a gauge theory of6

the (SU(2)L × U(1)Y) symmetry group [1–3]. This sym-7

metry is broken, which introduces differences in the ob-8

served phenomenology of electromagnetic and weak inter-9

actions. The mechanism of symmetry breaking in the SM10

is known as the Higgs mechanism [4–7], which introduces11

a complex doublet of scalar fields. The self-interaction of12

these fields introduces a potential term in the electroweak13

Lagrangian, which has a minimum at a nonzero value of14

the field. At sufficiently low energies (the Fermi scale15

and below), the electroweak Lagrangian is approximated16

by an effective Lagrangian, which is no longer symmet-17

ric under the full gauge group but rather retains only18

U(1)EM symmetry, leading to additional terms. Three of19

these terms are identified with the masses of the W± and20

Z vector bosons, and the fourth results in an associated21

vector boson known as the Higgs boson. The masses of22

the leptons and quarks also require that electroweak sym-23

metry be broken and are generated in the SM through24

Yukawa interactions with the scalar Higgs field.25

Owing to its central position in the understanding of26

the phenomenology of the electroweak force, the discov-27

ery of the Higgs boson was an important milestone for28

particle physics. Properties of the Higgs boson, including29

production rates and decay branching ratios, are highly30

sensitive to physics beyond the SM. Many models, such31

as supersymmetry, require extended Higgs sectors with32

additional multiplets of scalar fields, resulting in addi-33

tional Higgs bosons, some of which interact very differ-34

ently from the SM-predicted Higgs boson.35

The possible mass range for the SM Higgs boson (mH)36

is constrained by a number of theoretical and experi-37

mental results. The W boson mass MW , the Z boson38

mass MZ , and the top-quark mass mt are modified by39

self-energy terms involving the Higgs boson as a virtual40

particle in processes with amplitudes involving one or41

more loops, which depend on the mass of the Higgs bo-42

son. This, in turn, allows for a prediction of the Higgs43

boson mass using precision measurements of MW , MZ ,44

and mt. The most recent average of available W boson45

mass measurements is MW = 80.385± 0.015 GeV/c2 [8],46

and the most recent average of top-quark mass measure-47

ments is mt = 173.2 ± 0.9 GeV/c2 [9]. These mass48

measurements are combined with other precision elec-49

troweak measurements to calculate an allowed range of50

mH = 94+29
−24 GeV/c2 at the 68% confidence level (C.L.)51

or less than 152 GeV/c2 at the 95% C.L. [10]. In ad-52

dition, direct searches at the LEP collider excluded SM53

Higgs boson production for masses below 114.4 GeV/c254

at the 95% C.L. [11]. A combination of the direct LEP55

searches with indirect constraints indicates that the SM56

Higgs boson should have a mass below 171 GeV/c2 at57

the 95% C.L. [10].58

A new boson with a mass of approximately59

125 GeV/c2, compatible with the SM Higgs boson, has60

been observed in data collected from
√
s = 7–8 TeV pp61

collisions at the CERN Large Hadron Collider (LHC) by62

the ATLAS [12] and CMS [13] collaborations. The new63

boson was observed with high significance in the ZZ and64

γγ decay modes and at a somewhat lower level of sig-65

nificance in the WW decay mode. Updated ATLAS [14]66

and CMS [15] searches focusing on WW decays and using67

additional data provide strengthened evidence for this de-68

cay mode. Since the phenomenology of the Higgs mech-69

anism is characterized by its interactions with W and Z70

bosons, observation of the Higgs boson in the WW de-71

cay mode and refined measurements of the corresponding72

branching ratio are of critical importance.73

For higher Higgs boson masses, mH > 130 GeV/c2,74

where the decay to two W bosons dominates [16], a SM75

Higgs boson is primarily observable at the Tevatron via76

gluon-fusion production through a top-quark loop (ggH)77

with subsequent decay to a pair of W ∗ bosons [17–20].78

This decay mode provides a low-background search topol-79

ogy, when both W bosons decay leptonically. The main80

backgrounds to H → W+W− → ℓ+νℓ−ν̄ are Drell-81

Yan (DY) production of oppositely-charged lepton pairs,82

pp̄ → W+W−, W±Z, ZZ, tt̄, W+jets, and W + γ pro-83

cesses. Events consistent with the ℓ+νℓ−ν̄ final state84
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are selected by requiring two oppositely-charged leptons85

and a significant overall imbalance in measured trans-86

verse energies within the event (missing transverse en-87

ergy or E/T ). CDF reconstructs electrons and muons88

with high efficiency and minimal contamination from jets89

misidentified as leptons (fakes). We treat separately tau90

leptons decaying hadronically, which are harder to re-91

construct and significantly impacted by contamination92

from fakes. Missing transverse energy associated with93

the unobserved neutrinos provides discrimination against94

backgrounds that do not contain leptonically decayingW95

bosons, such as DY production.96

A potential Higgs boson signal is distinguishable from97

the other background processes with real E/T generated98

from neutrinos based on unique kinematic properties as-99

sociated with the Higgs boson decay. The fact that the100

Higgs boson is a scalar particle induces a spin correla-101

tion between the W bosons, which manifests itself as a102

preference for the charged leptons in the final state to be103

emitted in similar directions to one another. The non-104

resonant pp̄ → W+W− background has a very different105

spin structure [21], resulting in a different distribution of106

the angle between the two charged leptons.107

In addition to the ggH production mechanism, the SM108

Higgs boson is expected to be produced in association109

with aW or Z vector boson (WH, ZH, or, collectively, VH110

production), and in vector boson fusion (VBF), where a111

pair of W bosons or a pair of Z bosons fuse to form a112

Higgs boson, usually with recoiling jets. Including these113

additional production mechanisms expands acceptance114

by approximately 50% for mH = 160 GeV/c2, compared115

to searching for only the ggH production process [22].116

These additional production mechanisms were included117

in the most recent CDF results [23], which were com-118

bined with similar results from the D0 collaboration [24]119

to exclude at 95% C.L. a SM Higgs boson in the mass120

range between 162 and 166 GeV/c2 [25].121

For lower Higgs boson masses, mH < 130 GeV/c2,122

the decay H → bb̄ dominates. A direct search for the123

SM Higgs boson in the process gg → H → bb̄ would124

be overwhelmed by nonresonant, multijet backgrounds.125

Hence, Tevatron searches in this mass region focus on126

the WH → ℓνbb̄ [26–28], ZH → ℓ+ℓ−bb̄ [29, 30], and127

ZH → νν̄bb̄ [31, 32] processes. Despite the low SM128

Higgs boson branching ratio to W bosons within this129

mass range, the WW decay mode still contributes signifi-130

cantly to combined Tevatron search sensitivities because131

it is accessible within a final state originating from ggH132

production.133

In this paper we present a search for the produc-134

tion of SM Higgs bosons with subsequent decay to two135

oppositely-charged W (∗) bosons using a sample of
√
s =136

1.96 TeV proton-antiproton (pp̄) collision data corre-137

sponding to 9.7 fb−1 of integrated luminosity collected138

with the CDF II detector at the Fermilab Tevatron. This139

result improves on the last CDF result [23] by including140

more data, using improved analysis techniques, and in-141

corporating additional search topologies such as dilepton142

pairs with invariant mass below 16 GeV/c2 and trilepton143

events from VH production, where the third lepton re-144

sults from the decay of the associated weak vector boson.145

This paper is organized as follows. Section II describes146

the phenomenology of Higgs boson production and decay,147

Sec. III describes the analysis strategy, Sec. IV describes148

the CDF detector, Sec. V describes the event selection,149

Sec. VI describes the background modeling, Sec. VII150

describes the multivariate techniques used to separate151

the expected signal events from the background events,152

Sec. VIII describes each analysis sample, Sec. IX summa-153

rizes systematic uncertainties on signal and background154

predictions, and Sec. X describes the procedures used for155

interpreting the data and the final results.156

II. PHENOMENOLOGY OF HIGGS BOSON157

PRODUCTION AND DECAY158

Higgs boson searches performed in hadron collisions159

rely both on accurate predictions of Higgs boson produc-160

tion and decay rates and on accurate kinematic model-161

ing of the resulting events. The theoretical community162

has provided calculations of all relevant signal production163

cross sections at next-to-next-to-leading order (NNLO)164

accuracy in αs, and also differential cross sections for165

ggH production at the same order. These calculations,166

in conjunction with Monte Carlo tools for modeling the167

signal and background processes as well as the response of168

the CDF detector to the particles originating from these169

processes, are critical inputs to this search.170

The dominant Higgs boson production mechanism over171

the mass range of interest in pp̄ collisions is ggH . Be-172

cause of the large Yukawa coupling of the top quark to173

the Higgs boson, the largest contribution to the cross174

section comes from the top-quark-loop amplitude. How-175

ever, loops involving other quark flavors are incorporated176

within the calculations. Calculations of the inclusive177

cross section for ggH production in hadron collisions178

have progressed from leading order (LO) [33], to next-179

to-leading order (NLO) [34–36], to next-next-to-leading180

order (NNLO) [37–39], and finally to the calculations de-181

scribed in Refs. [40] and [41], which are used here.182

The expected cross section for this process ranges from183

1385 fb at mH = 110 GeV/c2 to 189.1 fb at mH =184

200 GeV/c2 [40, 41], as summarized in Table I. These185

cross-section predictions are obtained from calculations186

at NNLO in perturbative QCD, incorporating contribu-187

tions from both top- and bottom-quark loops, effects of188

finite quark masses, electroweak contributions from two-189

loop diagrams [42], interference effects from mixing of190

electroweak and QCD contributions [41], leading loga-191

rithmic resummation of soft gluon contributions [40, 43],192

and MSTW2008 NNLO parton distribution functions193

(PDFs) [44]. Consistent results are obtained from cal-194

culations based on substantially different techniques and195

independent groups.196
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The NLO correction to the Tevatron ggH production197

cross section is typically a factor of two, and the NNLO198

correction introduces another factor of 1.4. Uncertain-199

ties in the NNLO cross-section calculation are evaluated200

by studying the effect of factorization and renormaliza-201

tion scale choices on the result. The largest variation is202

obtained, when the two scales are varied together. We203

take an uncertainty on the production cross section cor-204

responding to the shift observed, when these scales are205

varied upwards and downwards by factors of two. Cal-206

culations that have been performed including the pri-207

mary amplitudes at next-to-next-to-next-to leading order208

(NNNLO) indicate that no additional large modification209

of the cross section is expected [45].210

The NNLO generator programs fehip [46, 47] and211

hnnlo [48, 49] and studies based on these programs [50]212

are used to tune the leading order simulation, which mod-213

els the kinematic properties of final state particles orig-214

inating from ggH production, and to assess systematic215

uncertainties associated with this modeling.216

In the search described here, events are separated into217

samples, in which the leptonically decaying W+W− sys-218

tem is observed to recoil against zero, one, or two or more219

parton jets. Jet reconstruction, discussed in Sec. V, at-220

tempts to collect the energy depositions associated with221

particles produced in the hadronization and fragmenta-222

tion of partons originating from the pp̄ interaction. We223

normalize our ggH Monte Carlo based on the inclusive224

cross-section calculations described above, but assign dif-225

ferential uncertainties incorporating calculations of the226

exclusive one-or-more parton jet and two-or-more parton227

jet cross sections from Refs. [50] and [51], respectively.228

We follow the prescription of Refs. [52] and [53], prop-229

agating scale uncertainties associated with the inclusive230

cross section, the one-or-more parton jet cross section,231

and the two-or-more parton jet cross section through the232

subtractions needed to obtain the exclusive zero-, one-,233

and two-or-more parton jet cross sections. We follow the234

prescription of Refs. [54] and [55] in evaluating the effects235

of PDF uncertainties on the production cross sections.236

This search includes substantial additional acceptance237

for the Higgs boson by incorporating potential signal con-238

tributions from VH and VBF production. The cross sec-239

tions for these production processes are roughly O(0.1)240

of those for ggH production. In the mass range between241

110 to 200 GeV/c2, the WH, ZH, and VBF production242

cross sections vary from 204 to 19.1 fb, 120 to 13.0 fb, and243

82.8 to 21.7 fb, respectively, as summarized in Table I.244

The cross sections for VH and VBF production have245

been calculated at NNLO in Refs. [56–60] and [58, 61, 62],246

respectively. The VBF cross sections are adjusted for247

electroweak corrections computed at NLO in Refs. [63]248

and [64]. All calculations are based on MSTW2008249

NNLO parton distribution functions [44]. Uncertainties250

on VH and VBF production cross sections are typically251

much lower than those associated with ggH cross-section252

calculations due to the smaller amount of color in the253

quark initial states, the pure tree-level electroweak nature254

of the lowest-order amplitudes, as well as their depen-255

dence on quark PDFs, which are known more precisely256

than the gluon PDF at high Bjorken x.257

The VH and VBF production mechanisms result in258

signal events with topologies and kinematic distributions259

strikingly different than those associated with ggH pro-260

duction. A significant fraction of these events have par-261

tons in the final state additional to the Higgs boson decay262

products. Leptonic decays of the vector boson produced263

in association with a Higgs boson that decays to W+W−
264

leads to events with three or four charged leptons or,265

in other cases, in which one of the W bosons from the266

Higgs boson decays hadronically, to dilepton events con-267

taining two leptons with the same charge. Although the268

production rates associated with these types of events is269

small, the resulting event topologies are minimally con-270

taminated by other SM backgrounds. Overall, the in-271

clusion of the additional Higgs boson production mech-272

anisms increases the sensitivity of the search by roughly273

30%.274

The decay branching ratios used in this search are275

listed in Table I [55]. The partial widths for all decay276

processes are computed with hdecay [16] with the ex-277

ception of the H → W+W− → 4f and H → ZZ → 4f278

processes, for which the partial widths are computed with279

prophecy4f [65, 66]. Branching ratios are computed280

from the relative fractions of the total partial widths.281

The SM branching ratio for a Higgs boson decaying to a282

pair of W bosons, which is 4.82% at mH = 110 GeV/c2,283

becomes dominant for mH > 135 GeV/c2, increasing to284

above 90% near the threshold to produce both W bosons285

on mass shell at mH = 160 GeV/c2 and decreasing to286

73% at mH = 200 GeV/c2, where decay to two Z bosons287

becomes significant.288

Extensions to the SM can significantly modify the289

Higgs boson production cross sections and H →W+W−
290

branching ratio. If the SM is extended to include a291

fourth sequential generation of heavy fermions (SM4),292

ggH production of a SM-like Higgs boson is sig-293

nificantly enhanced and branching ratios are modi-294

fied [67]. Table I lists ggH production cross sections295

for the SM4 model assuming masses of 400 GeV/c2 and296

450 GeV/c2+10 ln(mH/115) GeV/c2 for fourth gener-297

ation down-type and up-type quarks, respectively [68].298

Modified branching ratios for H → W+W− within the299

SM4 model assuming that the fourth generation charged300

lepton and neutrino are sufficiently heavy to not be ac-301

cessible as Higgs boson decay products are also listed in302

Table I.303

In the case of a fermiophobic (FHM) Higgs boson, the304

ggH production cross section is negligible, but as shown305

in Table I, the H → W+W− branching ratio is signif-306

icantly larger than in the SM, particularly in the mass307

range 110 < mH < 150 GeV/c2 [69]. In the FHM model,308

the WH, ZH, and VBF production cross sections are as-309

sumed to be the same as those in the SM.310
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TABLE I: (N)NLO production cross sections and decay branching ratios to W +W− for the SM Higgs boson; ggH production
cross sections and decay branching ratios to W +W− for the SM-like Higgs boson in SM4; and the decay branching ratios to
W +W− for the fermiophobic Higgs boson in FHM as functions of Higgs boson mass.

mH σggH σWH σZH σVBF B(H → W +W−) σSM4
ggH BSM4(H → W +W−) BFHM(H → W +W−)

(GeV/c2) (fb) (fb) (fb) (fb) (%) (fb) (%) (%)

110 1385 204 120 82.8 4.82 12310 2.83 85.3

115 1216 175 104 76.5 8.67 10730 5.05 86.6

120 1072 150 90.2 70.7 14.3 9384 8.34 86.9

125 949.3 130 78.5 65.3 21.6 8240 12.9 86.8

130 842.9 112 68.5 60.5 30.5 7259 18.8 86.7

135 750.8 97.2 60.0 56.0 40.3 6414 26.0 86.6

140 670.6 84.6 52.7 51.9 50.4 5684 34.6 86.8

145 600.6 73.7 46.3 48.0 60.3 5050 44.3 87.4

150 539.1 64.4 40.8 44.5 69.9 4499 55.3 88.6

155 484.0 56.2 35.9 41.3 79.6 4018 68.1 90.9

160 432.3 48.5 31.4 38.2 90.9 3595 85.0 95.1

165 383.7 43.6 28.4 36.0 96.0 3221 94.2 97.5

170 344.0 38.5 25.3 33.4 96.5 2893 95.2 97.5

175 309.7 34.0 22.5 31.0 95.8 2604 94.8 96.6

180 279.2 30.1 20.0 28.7 93.2 2349 92.5 93.9

185 252.1 26.9 17.9 26.9 84.4 2122 83.1 84.8

190 228.0 24.0 16.1 25.1 78.6 1920 77.1 78.8

195 207.2 21.4 14.4 23.3 75.7 1740 74.5 75.9

200 189.1 19.1 13.0 21.7 74.1 1580 73.0 74.2

III. ANALYSIS STRATEGY311

The single most challenging aspect of searching for the312

Higgs boson in the H → W+W− → ℓ+νℓ−ν̄ (ℓ = e, µ)313

decay channel is the very small production rate of these314

events. Even when incorporating tau lepton decays to315

electrons and muons, we expect, based on production316

cross sections and branching ratios, 170 signal events to317

be produced in Tevatron collisions corresponding to an318

integrated luminosity of 10 fb−1, for a SM Higgs boson319

of mass mH = 125 GeV/c2. The search sensitivity de-320

pends on the fraction of these events that can be retained321

for final analysis. We select events containing two re-322

constructed charged leptons and an overall imbalance in323

measured transverse energies originating from the mul-324

tiple neutrinos. After applying a loose set of kinematic325

criteria to the most inclusive two-charged-lepton candi-326

date sample, we select about 25% of the available signal.327

Since the remaining background contributions are typ-328

ically O(102) times larger than that of the expected sig-329

nal, simple event counting is not feasible. Instead, we330

construct detailed models for the kinematic distributions331

of events originating from each of the various signal and332

SM background processes. Based on these models, poten-333

tial signal events within the data sample are identified by334

exploiting differences between the kinematic properties of335

signal and background events. To obtain the best pos-336

sible signal-to-background separation, candidate events337

are classified into multiple subsamples tailored at iso-338

lating contributions from specific signal and background339

production processes. Potential signal in each sample340

is then isolated using multivariate techniques, which of-341

fer increased search sensitivity relative to conventional342

approaches based on one-dimensional selection require-343

ments on directly observed quantities. The multivariate344

techniques allow for simultaneous analysis of multiple345

kinematic input variables and the correlations between346

them.347

IV. THE CDF DETECTOR348

The Collider Detector at Fermilab (CDF) [70–74] is a349

general-purpose particle detector with a cylindrical lay-350

out and azimuthal and forward-backward symmetry [75].351

The silicon tracking system (SVX) [76–79] and open-352

cell drift chamber (COT) [80] are used to measure the353

momenta of charged particles and identify secondary ver-354

tices from the decays of bottom quarks, which have fi-355

nite lifetimes. The COT is segmented into eight con-356

centric superlayers of wire planes with alternating axial357

and ±2◦ stereo angle stringing. The active volume cov-358
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ers the radial range from 40 to 137 cm and is located359

within a superconducting solenoid with a 1.4 T magnetic360

field parallel to the beam axis. Tracking efficiency within361

the COT is nearly 100% in the range |η| ≤ 1; and with362

the addition of silicon detector information, tracks can363

be reconstructed within the wider range of |η| < 1.8.364

The momentum resolution is σ(pT )/p2
T ≈ 0.1 GeV−1 for365

tracks within |η| ≤ 1 and degrades with increasing |η|.366

Electromagnetic (EM) and hadronic (HAD) calorime-367

ters [81–83], which are lead-scintillator and iron-368

scintillator sampling devices, respectively, surround the369

solenoid and measure the energy flow of interacting parti-370

cles. They are segmented into projective towers, each one371

covering a small range in pseudorapidity and azimuth.372

The calorimeters have complete azimuthal coverage over373

|η| < 3.6. The central region |η| < 1.1 is covered by374

the central electromagnetic calorimeter (CEM) and the375

central and end-wall hadronic calorimeters (CHA and376

WHA). The forward region 1.1 < |η| < 3.6 is covered377

by the end-plug electromagnetic calorimeter (PEM) and378

the end-plug hadronic calorimeter (PHA).379

Energy deposition in the electromagnetic calorimeters380

is used to identify and measure the energy of electrons381

and photons. The energy resolution for an electron382

with transverse energy ET (measured in GeV) is given383

by σ(ET )/ET ≈ 13.5%/
√
ET ⊕ 1.5% and σ(ET )/ET ≈384

16.0%/
√
ET ⊕ 1% for those identified in the CEM and385

PEM, respectively. Deposits in the electromagnetic and386

hadronic calorimeter towers are used to identify and387

measure the energies of the clustered groups of parti-388

cles originating from parton showers (jets). The resolu-389

tion of calorimeter jet-energy measurements is approxi-390

mately σ(ET ) ≈ 0.1ET + 1.0 GeV [84]. The CEM and391

PEM calorimeters also contain strip detectors with two-392

dimensional readout, which are located at the depth cor-393

responding approximately to the maximum shower de-394

velopment for an electron. These detectors aid in the395

identification of electrons and photons by providing po-396

sition information that helps to distinguish them from π0
397

decays.398

Beyond the calorimeters are muon detectors [85], which399

provide muon identification in the range |η| < 1.5. Muons400

are detected in four separate subdetectors. Central401

muons with pT > 1.4 GeV/c penetrate on average the402

five absorption lengths of the calorimeter and are de-403

tected in the four layers of planar multiwire drift cham-404

bers of the central muon detector (CMU). A second set of405

drift chambers, the central muon upgrade (CMP), sits be-406

hind an additional 60 cm of steel and detects muons with407

pT > 2.2 GeV/c. The CMU and CMP chambers cover408

an equivalent range in pseudorapidity, |η| < 0.6. Central409

muon extension (CMX) chambers cover the pseudorapid-410

ity range from 0.6 < |η| < 1.0 and thus complete muon411

system coverage over the full fiducial region of the COT.412

Muons in the pseudorapidity range 1.0 < |η| < 1.5 are413

detected in the forward barrel muon (BMU) chambers.414

The Tevatron collider luminosity at the CDF interac-415

tion point is determined using multicell gas Cherenkov416

detectors [86] located in the pseudorapidity range 3.7 <417

|η| < 4.7, which measure the average number of inelas-418

tic pp̄ collisions per bunch crossing. The uncertainty in419

the measured luminosity is ± 6.0%, of which 4.4% comes420

from detector acceptance and operation of the luminosity421

monitor and 4.0% comes from uncertainty on the inelas-422

tic pp̄ cross section.423

The CDF online event selection system (trigger) is de-424

signed with three sequential decision levels to cope with425

high event rates. The first level relies on dedicated hard-426

ware to reduce high event rates from the effective beam-427

crossing frequency of 1.7 MHz to roughly 15 kHz. The428

second level uses a mixture of dedicated hardware and429

fast software algorithms to analyze more completely the430

available trigger information. This level reduces the event431

rate to roughly 1 kHz, the maximum detector-readout432

rate. The third level is an array of computers that run a433

fast version of the offline event reconstruction algorithms434

on the full detector readout, selecting events for perma-435

nent storage at a rate of up to 150 Hz.436

V. EVENT SELECTION437

The search is based on events containing two or three438

charged lepton candidates with pT > 10 GeV/c. Events439

are recorded online if they meet the criteria of either440

one of two single-electron triggers or one of four single-441

muon triggers. The central electron trigger requires a442

CEM energy cluster with ET > 18 GeV matched to443

a reconstructed COT track with pT > 8 GeV/c. The444

forward electron trigger requires a PEM energy clus-445

ter with ET > 20 GeV and an overall missing trans-446

verse energy of at least 15 GeV in the calorimeter. The447

four muon triggers are based on track segments in one448

or more muon chambers (CMU + CMP, CMU, CMP,449

and CMX) matched to reconstructed COT tracks with450

pT > 18 GeV/c. For each event, the charged lepton451

consistent with having satisfied the trigger is required to452

have pT > 20 GeV/c, to ensure uniform trigger efficiency.453

Trigger efficiencies are measured from observed W → ℓν454

and Z → ℓℓ decays [87]. To ensure that the charged lep-455

ton candidates are consistent with having been produced456

in a single interaction, the z positions of each candidate’s457

reconstructed track at the point of closest approach to458

the beamline are required to lie within 4 cm of one an-459

other. In addition, the few events (less than 0.1% of460

total) containing reconstructed leptons with energies in461

excess of 400 GeV are attributed to mismeasurements462

and removed.463

A. Lepton identification464

Electron and muon candidates are constructed from465

combinations of measurements in the subdetectors. Be-466

cause the coverage of these subdetectors varies over η and467

φ, selection criteria for individual lepton candidates de-468
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pend on their trajectory within the detector. The general469

goal is to use all available information to suppress con-470

tributions from jets misidentified as leptons, while not471

rejecting candidates just because they are detected in472

less instrumented portions of the detector. As a result,473

we use four categories of electron candidates, eight cat-474

egories of muon candidates, and two final categories of475

candidates likely to be either an electron or muon but476

indistinguishable on the basis of available information.477

1. Electron identification478

Identification of electron candidates is based on recon-479

structed showers in the EM calorimeter with a ET of at480

least 10 GeV after correcting for energy leakage into the481

HAD calorimeter. For the central region (|η| < 1.1), we482

employ both a cut-based and a multivariate likelihood-483

based method, combining information from the calorime-484

ter, tracking, and shower-maximum detectors. The cut-485

based method requires that the shower energy within the486

HAD calorimeter (EHAD ) must be less than 5% of that487

in the EM calorimeter (EEM ) and that the distribution488

of shower energies in the calorimeter towers and shower489

maximum detector is consistent with those of an electron.490

The shower must be matched to a reconstructed track491

with a measured pT such that the ratio of the shower ET492

to the track pT lies between 0.5 and 2.0. The track is493

also required to pass standard quality requirements.494

If a central electron candidate fails the above selec-495

tion, it can still be used as a likelihood-based electron.496

The likelihood function is constructed based on variables497

used in the cut-based version such as the ratio of EHAD to498

EEM , the ratio of ET to pT , and the shapes of calorimeter499

and shower-maximum energy distributions. Signal likeli-500

hood templates are constructed from the unbiased elec-501

tron candidates in Z → ee events. Background likelihood502

templates are constructed from loose electron candidates503

in inclusive dijet events.504

A combination of cut-based and likelihood-based selec-505

tions is used to identify electron candidates in the forward506

region of the calorimeter, 1.2 < |η| < 2.0. A special-507

ized track-finding algorithm, which uses locations of the508

reconstructed calorimeter shower and primary vertex to509

define a search road for hits in the SVX, is required for510

high selection efficiency. A similar set of kinematic and511

shower shape variables to those employed in central elec-512

tron selection are used as the basis for cut-based selection513

and as inputs in the formation of a forward-candidate514

likelihood function.515

2. Muon identification516

Muon candidates are constructed from reconstructed517

tracks with pT > 10 GeV/c. Eight separate categories of518

reconstructed muon candidates are used. In six of these,519

the track can be matched with hits from one or more of520

the muon detector systems. The separate categories are521

for candidates associated with hits in both central muon522

detectors, in only the inner or outer central muon detec-523

tors, where the track trajectory is consistent with having524

passed through a gap in the other, in one of two por-525

tions of the extended muon detector, and in the forward526

muon detector. This categorization provides a mecha-527

nism for matching muon candidates with specific sets of528

event triggering criteria. Muon candidate tracks are also529

required to point toward calorimeter energy depositions530

consistent with those expected from a minimum-ionizing531

particle. The last two muon categories apply to tracks532

matched only to energy depositions consistent with hav-533

ing originated from minimum-ionizing particles in either534

the central (|η| < 1.1) or forward (1.2 < |η| < 2.0)535

calorimeters. The inclusion of these categories ensures536

high selection efficiencies for muons that pass through537

regions of missing muon detector coverage.538

3. Isolation requirements539

To improve separation of charged leptons produced in540

the decays ofW and Z bosons from those produced in the541

decays of heavy-flavor hadrons, electron and muon can-542

didates are required to be isolated from other observed543

particle activity within the event. In particular, we re-544

quire lepton candidates to satisfy both calorimeter and545

track isolation such that sums over measured transverse546

energies in individual calorimeter towers and the trans-547

verse momenta of reconstructed particles whose trajec-548

tories lie within a cone of ∆R ≡
√

(∆η)2 + (∆φ)2 < 0.4549

around the candidate are less than 10% of the electron550

ET or muon pT . An exception is the case of likelihood-551

based electron selection, for which the isolation variables552

are included as additional inputs in the construction of553

the likelihood function.554

For the targeted H → W+W− decay process, spin555

correlations between the two leptonically-decaying W556

bosons tend to result in leptons with trajectories close557

to one another. In roughly 10% of cases, the leptons558

actually lie within each other’s isolation cones, and the559

energy deposits and tracks associated with one lepton560

cause the other lepton to fail its isolation requirements.561

To avoid this issue and recover lost signal acceptance,562

isolation calculations are modified to exclude from the563

search cone all calorimeter tower energies and recon-564

structed tracks associated with other lepton candidates565

that meet nonisolation-related criteria.566

4. Isolated tracks567

Two additional lepton categories are defined for tracks568

that extrapolate to noninstrumented regions of the569

calorimeters and have no matches with track segments570

in the muon detectors. Such tracks, which meet qual-571

ity and isolation requirements, comprise one further lep-572
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ton category. Since the candidates in this category are573

not distinguishable as electrons or muons, either of the574

possibilities are allowed in each event. Electrons that575

pass though nonactive regions of the calorimeter, may576

radiate bremsstrahlung photons thus failing isolation re-577

quirements because of photon energy deposition in sur-578

rounding EM towers. Such electrons are recovered into a579

second track-based category, containing track candidates580

that fail the standard calorimeter isolation criteria but581

satisfy a modified criterion, in which EM energy depo-582

sitions from towers adjacent to the track candidate are583

subtracted from the total measured energy within the584

isolation cone.585

B. Lepton identification efficiency determination586

Selection requirements reduce the probability for elec-587

trons and muons to be identified as lepton candidates.588

In order to account for a potential mismodeling of this589

efficiency in the simulation, the efficiency is measured590

from observed Z → ℓℓ decays. The events are collected591

using the single central electron and muon trigger paths.592

One of the reconstructed lepton candidates (referred to as593

the tag) must satisfy all cut-based selection criteria and594

be identified as consistent with the lepton that triggered595

the online selection of the event. The second candidate596

(known as the probe) is only required to pass minimal re-597

quirements, for which the expected efficiency approaches598

100% and is therefore assumed to be well modeled in the599

simulation. The dilepton invariant mass is required to lie600

within ±15 GeV/c2 of the Z boson mass to ensure that601

the event samples contain primarily real dilepton events602

from Z → ℓℓ production.603

Based on these samples the measured efficiency for an604

additional set of test criteria applied on the probe lep-605

ton is simply the fraction of the probes that satisfy the606

full criteria. A small complication arises, when tagged607

leptons also satisfy probe-lepton criteria due to overlap-608

ping selection requirements. For these cases events, in609

which both candidates are identified as tags, need to be610

counted twice in the efficiency calculation. Events that611

do not meet the test criteria have nonnegligible back-612

ground contributions from W+jet and multijet produc-613

tion. Measured efficiencies need to be corrected to ac-614

count for the presence of background within these events.615

The background contributions are estimated using a lin-616

ear extrapolation across the Z boson signal mass range617

based on events counts within sideband regions on both618

sides of the signal range.619

Separate efficiency calculations are made for each of620

the lepton categories. The measured efficiencies are de-621

fined as an average over those for each of the individ-622

ual probe candidates from the Z → ℓℓ sample. Hence,623

the measured efficiencies are applied as corrections to the624

detector simulation, relying on its description of pT , η,625

and φ dependence, but correcting the average efficiency626

to that measured directly from observed events. Mea-627

surements based on observed events deviate from those628

obtained in simulation by up to 6% with uncertainties of629

1-2%. The efficiencies are measured separately for sev-630

eral data taking periods and observed effects of additional631

pp̄ collisions within individual beam crossings (“pile-up”)632

are found to be well modeled in the simulation.633

We validate the estimate of trigger and lepton selec-634

tion efficiencies and their proper inclusion in the simu-635

lation by making DY production cross-section measure-636

ments from independent, inclusive dilepton samples, each637

corresponding to one possible same-flavor combination of638

the lepton categories. In the case of Z → ee, we measure639

cross sections from 11 independent samples constructed640

from two triggerable electron categories, two nontrigger-641

able categories, and two isolated track categories. For642

Z → µµ events we extract measurements from 35 in-643

dependent samples based on five triggerable muon cate-644

gories, three nontriggerable categories, and one isolated645

track category. The 46 independent measurements are646

found to agree at the ± 5% level, consistent within the647

± 3% uncertainties assigned to the trigger and lepton se-648

lection efficiency measurements. The cross sections mea-649

sured from samples containing events with one forward650

electron candidate are observed to be on average about651

10% below those of the other samples. This effect is at-652

tributed to reduced track reconstruction efficiency in the653

forward region of the detector (|η| > 1.2), where COT654

coverage is reduced. Since track reconstruction, which is655

used to define probe leptons in this region, is not fully ef-656

ficient, an additional correction is required. This factor is657

obtained directly from the extracted DY cross sections as658

the ratio of averaged measurements from event samples659

with and without forward electron candidates.660

C. Tau lepton identification661

Decays of tau leptons to electrons and muons (roughly662

35% of total branching ratio) are identified within the lep-663

ton categories, and the additional acceptance from lep-664

tonic τ decays is included within all background and sig-665

nal estimates. In the remaining 65% of cases, tau leptons666

undergo a hadronic decay τ → Xhντ , where Xh can be667

a charged pion, kaon, or a short-lived intermediate res-668

onance that decays to final states containing neutral or669

charged pions and kaons. Additional signal acceptance is670

obtained by identifying tau lepton candidates produced671

via these decay modes.672

The pions and kaons produced in tau lepton decays673

are expected to deposit significant energy in neighboring674

calorimeter towers. The reconstruction of hadronically-675

decaying tau lepton candidates is therefore based on a676

narrow calorimeter cluster with a maximum of three677

matched tracks. The track with highest pT is referred to678

as the tau lepton seed track. Signal and isolation cones679

are defined around the seed track direction where the680

opening angle of the signal cone depends on the calorime-681

ter cluster energy, θsig = min(0.17, 5/Eτclus [GeV]) ra-682
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dians, and the opening angle of the isolation cone is683

fixed at 0.52 radians. Neutral pions within the signal684

cone are reconstructed combining position information685

from the shower-maximum detector with energy deposi-686

tions measured in the EM calorimeter. Tracks and recon-687

structed π0 candidates matched to the calorimeter cluster688

are combined to reconstruct the visible momentum of the689

tau lepton candidate. A detailed description of the tech-690

niques used for reconstructing hadronically-decaying tau691

leptons is provided in Ref. [88].692

Additional requirements are imposed to improve the693

purity of hadronically-decaying tau lepton candidates.694

Candidates are required to have one track (1-prong) or695

three tracks (3-prong), where the absolute value of the696

sum of the charges of the reconstructed particles is one.697

The transverse visible momentum of the candidate is re-698

quired to exceed 15 GeV/c or 20 GeV/c for 1-prong and699

3-prong tau lepton candidates, respectively. The mass700

reconstructed from the visible momentum must also be701

consistent with the tau lepton mass. To reduce back-702

ground contamination from parton jets, which are ex-703

pected to produce wider energy clusters than those of704

hadronically-decaying tau leptons, low activity in both705

the calorimeter and tracking systems is required in the706

region between the outer edges of the signal and isolation707

cones. Contamination from electrons is reduced by limit-708

ing the relative fractions of EM and HAD energy within709

the reconstructed calorimeter cluster.710

D. Jet identification711

Calorimeter jets are reconstructed using a fixed cone712

algorithm [84] with a radius of ∆R =
√

∆φ2 + ∆η2 =713

0.4. Corrections are applied to measured jet energies714

to compensate for nonlinearities and nonuniformities in715

the response of the calorimeter, excess energy deposited716

within the jet cone from sources other than the assumed717

parent parton, and missing energy from the parent par-718

ton deposited outside the jet cone [84]. In this search719

we only consider jets with corrected ET > 15 GeV and720

within the pseudorapidity region |η| < 2.5. Jets are also721

required to be separated (∆R > 0.4) from identified lep-722

tons.723

To reduce backgrounds originating from tt̄ production,724

events with exactly two oppositely-charged leptons and725

two or more reconstructed jets are vetoed if any of the726

jets can be identified as likely to have originated from727

a bottom quark. This identification is made by recon-728

structing within a jet secondary track vertices consistent729

with the decay of longer-lived hadrons produced in the730

hadronization of heavy quarks [89].731

E. Missing transverse energy732

Neutrinos escape detection and their energies cannot733

be directly measured. Their presence is inferred from the734

imbalance in the total transverse energy of the event, E/T735

, which is defined as the magnitude of −ΣiE
i
T n̂i, where736

n̂i is the unit vector in the azimuthal plane that points737

from the beamline to the ith calorimeter tower. The738

E/T is corrected by subtracting the energy deposited in739

the calorimeter by minimum-ionizing muons and adding740

back their measured pT . Energy corrections applied to741

calorimeter jets are also accounted for in the E/T deter-742

mination through the subtraction of raw jet energies and743

addition of corrected jet energies.744

The primary purpose of E/T requirements is to signif-
icantly reduce backgrounds from DY processes, which
have large production cross sections but result in charged
dilepton final states without neutrinos. Since any remain-
ing DY background after the application of E/T require-
ments necessarily results from detector energy mismea-
surements, we also use a modified E/

spec
T variable defined

as

E/
spec
T ≡

{

E/T if ∆φ
E/

T
,nearest

> π
2

E/T sin(∆φ
E/

T
,nearest

) if ∆φ
E/

T
,nearest

< π
2 ,

(1)
where ∆φ

E/
T
,nearest

is the angle between the E/T and the745

closest lepton or jet transverse momentum vector. An746

undermeasurement of the lepton or jet momentum leads747

the E/T to be aligned with the direction of the correspond-748

ing candidate, and for these cases the sin(∆φ
E/

T
,nearest

)749

term significantly reduces the value of E/
spec
T with respect750

to the nominal E/T .751

F. Data sample selections752

We define multiple independent data samples based753

on various kinematic selection requirements such as the754

number of reconstructed jets and leptons and the mea-755

sured E/T or E/
spec
T . The construction of multiple sam-756

ples enhances the ability to separate potential signal757

and background contributions. Statistical independence758

of the samples allows convenient combination of results759

based on distinct subsamples to preserve maximum sen-760

sitivity. Additional control samples are constructed to761

tune or test modeling of specific background processes.762

Typically, these control samples are based on the kine-763

matic selections used for defining one of the search sub-764

samples, where one or more criteria has been modified765

to further enhance the dominant background contribu-766

tion. Tuning parameters used to improve the agreement767

between data and simulation are obtained from specific768

control regions and incorporated, where applicable, into769

background modeling across all data samples used in the770

search.771

Table II summarizes the 13 data samples used in this772

search as well as the 15 associated control samples. The773

specific kinematic criteria associated with each grouping774

of search samples and its associated control sample(s) are775

described in the following subsections.776
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TABLE II: Summary of names assigned to the Higgs boson search samples and their associated control samples along with the
background processes targeted by each control sample.

Search sample(s) Associated control sample(s) Background

targeted

OS Base (0 Jet, high s/b Leptons) SS Base W+jets

OS Base (0 Jet, low s/b Leptons) OS Base (Intermediate E/
spec

T ) DY

OS Base (1 Jet, high s/b Leptons)

OS Base (1 Jet, low s/b Leptons)

OS Base (2+ Jets) SS Base (2+ Jets) W+jets

OS Base (2+ Jets, Intermediate E/
spec

T ) DY

OS Base (2+ Jets, b-tagged) tt̄

OS Inverse Mℓℓ SS Inverse Mℓℓ Wγ

OS Inverse Mℓℓ (Intermediate E/
spec

T ) DY

OS Hadronic Tau (e + τhad) OS Hadronic Tau (e + τhad, high ∆ϕ(~pT (τ ), ~pT (ℓ))) W+jets

OS Hadronic Tau (µ + τhad) OS Hadronic Tau (e + τhad, low E/T ) Multijet

OS Hadronic Tau (µ + τhad, low E/T , low ∆ϕ(~pT (ℓ), ~E/T )) Z/γ∗ → ττ

SS (1+ Jets) SS (1+ Jets, low E/T ) DY

SS (0 Jet) W+jets

Trilepton WH Trilepton WH (Intermediate E/T ) Zγ

Trilepton WH (ℓ + ℓ + τhad) Trilepton WH (ℓ + ℓ + τhad, Intermediate E/T ) Z+jets

Trilepton ZH (1 Jet) Trilepton ZH (0 Jet) WZ

Trilepton ZH (2+ Jets)

1. Opposite-sign base selection (0 or 1 jet)777

Events with exactly two opposite-sign (OS) electron778

or muon candidates and one or zero reconstructed jets779

are included in the base selection. The main background780

contributions to this event sample are from the DY pro-781

cess, where the observed E/T originates from mismeasure-782

ments of lepton or jet energies; Wγ and W+jets, where783

a photon or jet is misidentified as a lepton; and direct784

W+W→ℓ+νℓ−ν̄ production, which has an equivalent fi-785

nal state as the signal. To suppress DY background, we786

require E/
spec
T > 25 GeV. This criterion is released to787

E/
spec
T > 15 GeV for electron-muon events, for which the788

DY background contribution is inherently smaller. We789

also require the candidates to have Mℓℓ > 16 GeV/c2 to790

suppress Wγ background contributions.791

We separate the selected events into four further sam-792

ples based on whether they contain a reconstructed jet793

and the qualities of the two lepton candidate types.794

Events with central lepton candidates are considered as795

having high signal-to-background (high s/b), while events796

with one or more forward lepton candidates are consid-797

ered as having low signal-to-background (low s/b). The798

additional subdivision of events is done to further isolate799

specific background contributions. Contributions from800

Wγ and W+jets are more significant in the low s/b sam-801

ples, while the relative mix of WW and DY contributions802

is significantly different for events with and without a re-803

constructed jet.804

We construct two additional control samples based on805

the generic selection criteria associated with these search806

samples. Events containing same-sign (SS) dileptons that807

otherwise satisfy the signal sample criteria form the SS808

Base control region, which is used to test W+jets back-809

ground modeling. The OS Base (Intermediate E/
spec
T )810

control sample contains events with same-flavor (e+e−811

or µ+µ−) dileptons and E/
spec
T between 15 and 25 GeV812

that otherwise satisfy search sample criteria. This con-813

trol sample is used to tune the DY modeling applied to814

the associated search samples.815

2. Opposite-sign base selection (2+ jets)816

Events that satisfy the criteria for the OS Base selec-817

tion but contain two or more reconstructed jets are clas-818

sified separately. The largest background contribution to819

this sample is from tt̄ → bℓ+νb̄ℓ−ν̄. To help reduce this820

background, events are rejected from the search sample821

if any of the reconstructed jets are tagged as consistent822

with having originated from a bottom-quark decay by the823

secvtx algorithm [89], which identifies displaced track824

vertices within jets. Even after application of this veto, tt̄825

production is still the single largest source of background826

events to this search sample.827
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To test background modeling, three additional control828

samples associated with this search sample are defined.829

Same-sign dilepton events, which otherwise satisfy the830

signal sample criteria, form the SS Base (2+ Jets) con-831

trol sample, which is again used to test W+jets back-832

ground modeling. Similarly, the DY modeling for this833

search sample is tested using the OS Base (2+ Jets, In-834

termediate E/
spec
T ) control sample, which contains same-835

flavor dilepton events with E/
spec
T between 15 and 25 GeV836

that satisfy remaining search sample criteria. Events that837

are rejected from the search sample exclusively due to838

the identification of one or more jets as being consistent839

with bottom-quark decays form the OS Base (2+ Jets,840

b-tagged) control sample and are used to test tt̄modeling.841

3. Opposite-sign inverse Mℓℓ selection842

Events that fail the Mℓℓ > 16 GeV/c2 requirement843

but otherwise satisfy OS Base (0 or 1 jet) selection crite-844

ria are collected into another independent search sample.845

The primary source of background events in this search846

sample is Wγ production, where the photon is misiden-847

tified as an electron. Dilepton events originating from848

the decays of heavy-flavor hadrons are mostly removed849

by tighter E/T requirements on events with reconstructed850

dilepton mass (Mℓℓ) consistent with J/ψ and Υ decays.851

We define E/T significance as the ratio of the measured852

E/T to the scalar sum of measured transverse energies853

for all reconstructed jets and leptons. For events with854

Mℓℓ < 6 GeV/c2 and 8.5 < Mℓℓ < 10.5 GeV/c2, the E/T855

significance is required to be greater than four.856

Same-sign dilepton events that pass the other selection857

requirements of this search sample form the SS Inverse858

Mℓℓ control sample, which is used to tune the Wγ back-859

ground modeling. Validation of the DY modeling used in860

association with this search sample is based on the OS861

InverseMℓℓ (Intermediate E/
spec
T ) control sample made up862

of same-flavor events with E/
spec
T between 15 and 25 GeV863

that otherwise satisfy sample selection criteria.864

4. Opposite-sign Hadronic Tau selection865

While tau lepton decays to electrons and muons are in-866

corporated within the search samples, signal acceptance867

is enhanced by including events containing one electron868

or muon candidate and one hadronically-decaying tau869

lepton candidate in separate search samples. Because870

events in these samples are collected by the same trigger871

selections, the single electron or muon is necessarily re-872

sponsible for having triggered the event and is therefore873

required to have pT > 20 GeV/c.874

Additional selection criteria are applied to reduce875

background contributions, which are significantly larger876

in this sample. To minimize contributions from processes877

with final states without neutrinos such as DY Z/γ∗ → ℓℓ878

(ℓ = e or µ), multijet, and γ+jet production, the ob-879

served E/T is required to exceed 20 GeV. Dilepton invari-880

ant mass, M(τℓ), is also required to be above 20 GeV/c2881

to reduce backgrounds from the decays of heavy-flavor882

hadrons. The DY Z/γ∗ → ττ background contribution883

is removed by requiring a minimum angle of 1.5 radi-884

ans between the dilepton transverse momentum and the885

missing transverse energy, ∆ϕ(~pT (ℓ) + ~pT (τ), ~E/T ). Sim-886

ilarly, the dominant W+jets background contribution is887

suppressed by requiring a maximum angle of 1.5 radi-888

ans between the transverse momenta of the two lep-889

tons, ∆ϕ(~pT (τ), ~pT (ℓ)). To take advantage of differing890

background compositions, events are separated into two891

search samples based on the presence of an electron or892

muon candidate.893

Background modeling for these search samples is894

validated using three control samples. The W+jets-895

dominated OS Hadronic Tau (high ∆ϕ(~pT (τ), ~pT (ℓ)))896

sample is constructed by selecting events with897

∆ϕ(~pT (τ), ~pT (ℓ)) > 2.0 radians that otherwise sat-898

isfy search sample criteria. The multijet-dominated OS899

Hadronic Tau (e + τhad, low E/T ) sample is composed900

of events containing electron candidates, which fail the901

search sample criteria solely on the basis of an observed902

E/T < 20 GeV. The OS Hadronic Tau (µ+ τhad, low E/T ,903

low ∆ϕ(~pT (ℓ), ~E/T )) sample contains events with muon904

candidates, for which the observed E/T < 20 GeV and905

∆ϕ(~pT (ℓ), ~E/T ) < 0.5 radians. This control sample is906

used to validate DY Z/γ∗ → ττ background modeling907

and hadronically-decaying tau lepton reconstruction908

efficiencies.909

5. Same-sign dilepton selection910

Events with exactly two same-sign electron or muon911

candidates form an additional search sample. Higgs bo-912

son production in association with a W or Z boson can913

result in a final state containing same-sign leptons when,914

for example, two W+ bosons (one from the original as-915

sociated production and the other from a subsequent916

H → W+W− decay) decay leptonically. The remaining917

W boson from the Higgs boson decay most often decays918

hadronically, leading to the production of jets within the919

event. Hence, events in this search sample are required920

to have at least one reconstructed jet.921

An important background contribution to the same-922

sign event sample is DY Z → ℓ+ℓ− production, where923

one of the lepton charges is misreconstructed, or a924

bremsstrahlung photon converts into a e+e− pair within925

the detector, creating the potential for the original lep-926

ton to be incorrectly associated with an oppositely-signed927

track candidate (referred to as a trident). To help re-928

duce DY background contamination, events containing929

forward electron candidates, which are affected by sig-930

nificant charge mismeasurement rates, are rejected. In931

addition, since looser likelihood criteria tend to select932

trident candidates, central electrons in these events are933
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required to pass tight cut-based selection. DY back-934

grounds are further reduced by requiring events to have935

E/T > 10 GeV. The other significant sources of back-936

ground events for this sample are W+jets and Wγ pro-937

duction, where a jet or photon is misidentified as a lep-938

ton. To reduce backgrounds from these sources, events939

are required to have Mℓℓ > 16 GeV/c2 and the minimum940

pT criterion on the nontriggered lepton in these events is941

increased from 10 to 20 GeV/c.942

Two associated control samples are formed to validate943

background modeling for this search sample. Events that944

satisfy the search sample criteria apart from containing945

no reconstructed jets form the SS (0 Jet) sample, which946

is dominated by background contributions from W+jets947

production. The SS (1+ Jets, low E/T ) control sample is948

composed of events with E/T < 10 GeV that otherwise949

satisfy the search sample criteria. This sample is used950

to test DY background modeling and the modeling of951

trident events.952

6. Trilepton WH selection953

We also incorporate separate search samples for events954

containing exactly three charged lepton candidates. Such955

final states are contributed by Higgs boson production956

in association with a W (→ ℓν) boson and decaying as957

H → W (→ ℓν)W (→ ℓν). Events containing three lep-958

tons of the same charge are not consistent with the cor-959

responding final state and are rejected. To increase sig-960

nal acceptance, events with a single tau lepton candidate961

serving as one of the three lepton candidates are included962

in this search sample.963

Because of differing background contributions, events964

are classified into two separate search samples based965

on whether they contain a tau lepton candidate. In966

addition, events containing a same-flavor, opposite-sign967

pair of lepton candidates with an invariant mass within968

±15 GeV/c2 of the Z boson mass are removed and as-969

signed to Trilepton ZH search samples described in the970

following section. The dominant backgrounds to the971

Trilepton WH search samples are Zγ and Z+jets pro-972

duction, where the Z is produced off-shell and a jet or973

photon is misidentified as a lepton. Because these pro-974

cesses lead to final states without neutrinos, we require975

events in these samples to have E/T > 20 GeV.976

To validate modeling of the primary backgrounds, we977

construct two associated control samples from events978

with E/T between 10 and 20 GeV that otherwise satisfy979

the search sample criteria. The Trilepton WH (interme-980

diate E/T ) control sample contains events with no tau981

lepton candidates and is used to validate Zγ background982

modeling. Events containing a tau lepton candidate form983

the Trilepton WH (ℓ+ ℓ+ τhad, intermediate E/T ) control984

sample used for testing Z+jets background modeling.985

7. Trilepton ZH selection986

A similar production mode for signal events with ex-987

actly three leptons is associated Higgs boson production988

with a Z boson and subsequent H → W+W− decay. A989

same-flavor, opposite-sign lepton pair is produced in a990

leptonic decay of the Z boson. A third lepton can origi-991

nate from the leptonic decay of either W boson produced992

in the Higgs boson decay. Events containing three leptons993

with the same charge are inconsistent with the signal final994

state and rejected from the search sample. The remain-995

ing W boson from the Higgs boson decay must decay996

hadronically, leading to the production of jets. Hence,997

events in this search sample are required to have at least998

one reconstructed jet.999

Events with exactly one and two or more jets are sepa-1000

rated into two search samples. Determination of a trans-1001

verse Higgs boson mass is possible in events containing1002

at least two jets due to the availability of all decay prod-1003

ucts in the assumed final state (the transverse energy of1004

the single neutrino is inferred from the E/T ). The statis-1005

tical independence of these search samples with respect1006

to the Trilepton WH samples is maintained by selecting1007

only the events that contain a same-flavor, opposite-sign1008

lepton pair within ±15 GeV/c2 of the Z boson mass.1009

Because of large background contributions from on-shell1010

Z+jets production, events containing tau lepton candi-1011

dates are not included within the Trilepton ZH search1012

samples. Events in these samples are also required to1013

have observed E/T > 10 GeV to further reduce Zγ and1014

Z+jets background contributions.1015

A single associated control sample is formed to test the1016

background modeling used for these search samples. The1017

Trilepton ZH (0 Jet) control sample consists of events1018

with no reconstructed jets that otherwise satisfy search1019

sample criteria. Contributions from WZ production are1020

the single largest source of events to this control sample.1021

VI. BACKGROUND MODELING1022

We exploit differences between the kinematic features1023

of signal and background events to enhance search sensi-1024

tivity. Hence, accurate modeling of all contributing pro-1025

cesses is essential. We model contributions from all signal1026

and most background processes using Monte Carlo event1027

generators interfaced to a geant-based simulation of the1028

CDF detector [90]. Events that contain a falsely identi-1029

fied (fake) lepton candidate produced within the shower1030

of a parton jet are more difficult to model using sim-1031

ulation. Therefore, data-driven methods are generally1032

employed for modeling these backgrounds.1033

Many of the relevant signal and background processes1034

are modeled with pythia [91], which is a leading or-1035

der (LO) event generator that incorporates higher-order1036

corrections through parton-shower algorithms. Events1037

are generated with pythia version 6.216 using the1038

cteq5l [92, 93] parton distribution functions (PDFs)1039
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and the set of input parameters that best match under-1040

lying event distributions in CDF data [94]. For back-1041

ground processes more sensitive to higher-order contri-1042

butions, next-to-leading order (NLO) generators are used1043

and interfaced with pythia to model the showering and1044

fragmentation of generated initial and final state parti-1045

cles. We incorporate simulated event samples generated1046

with both mc@nlo [95] and madgraph [96]. Because1047

NLO event generators include first-order radiative effects,1048

the scale of radiative corrections applied in subsequent1049

pythia shower modeling is cut off at the lower bound1050

of that applied within the original event generation. In1051

other cases, contributions from orders above NLO play an1052

important role and alpgen [97] interfaced with pythia1053

is used for generating samples. Here, independent sam-1054

ples for the LO process plus n = 0, 1, 2, and 3 or more1055

additional partons are generated, and a matching algo-1056

rithm is used to remove overlapping contributions. These1057

contributions originate from, for example, an alpgen LO1058

plus 0 parton event which gains an additional hard radi-1059

ation through the pythia showering and becomes a LO1060

plus 1 parton event. Modeling of the Wγ and Zγ pro-1061

duction processes is generally achieved with a dedicated1062

LO generator [98] interfaced with pythia to incorporate1063

initial state radiative effects. Normalizations of predicted1064

event rates are based on theoretical cross-section calcu-1065

lations performed at the highest available order.1066

Nonresonant WW production in conjunction with sub-1067

sequent leptonic decays of both W bosons results in a1068

final state similar to that of the primary signal. Because1069

of the relevance of WW backgrounds, NLO generators1070

are generally used to model it. In particular, mc@nlo is1071

used to simulate events originating from WW production1072

in the OS Base (0 Jet and 1 Jet), OS Inverse Mℓℓ, and1073

SS (1+ Jets) search samples. mc@nlo does not simu-1074

late the small but potentially signal-like contributions to1075

WW production originating from gluon fusion [99]. To1076

account for this contribution, events are reweighted as1077

a function of the angular separation in the transverse1078

plane between the two generator-level leptons, ∆φℓℓ, to1079

incorporate the extra contribution predicted in Ref. [99].1080

Uncertainties on the correction are obtained from alter-1081

nate re-weightings that correspond to halving or doubling1082

the predicted contribution of the unmodeled production1083

modes. In the OS Base (2+ Jets) search sample, the1084

presence of multiple reconstructed jets requires inclusion1085

of NNLO contributions in the WW background model.1086

Therefore, events generated with alpgen are used for1087

modeling the WW contribution. For the OS Hadronic1088

Tau (e + τhad and µ + τhad) search samples, WW back-1089

ground contributions have a reduced significance with re-1090

spect to those from other sources and are therefore mod-1091

eled using pythia. Because events originating from di-1092

rect WW production share the same final states with1093

potential signal events, it is not possible to define inde-1094

pendent WW background-rich data control regions for1095

testing the modeling. Instead, the primary validation of1096

this modeling comes from using it to extract a measure-1097

ment of the WW production cross section directly from1098

the search samples (see Sec. X).1099

Backgrounds from WZ and ZZ production in the dilep-1100

ton sample are significantly smaller than those from WW1101

production. In addition, when two leptons are produced1102

in the decay of one Z boson, the most probable hadronic1103

decay of the extra Z or W boson leads to events con-1104

taining multiple jets at LO. We therefore mostly rely on1105

events generated with pythia to model event contribu-1106

tions from these processes. The pythia WZ and ZZ event1107

samples include γ∗ contributions based on lower mZ/γ∗1108

thresholds of 2 and 15 GeV/c2, respectively. Event con-1109

tributions from WZ and ZZ production to the trilepton1110

search samples are more significant and higher-order con-1111

tributions are more relevant in the modeling of events1112

containing multiple jets. Hence, independent alpgen1113

WZ and ZZ event samples are used for modeling event1114

contributions from these processes in the Trilepton ZH1115

(2+ Jets) search sample. The pythia WZ background1116

model is tested in the Trilepton ZH (0 Jet) control sam-1117

ple. An example of the agreement between observed and1118

predicted kinematic distributions for this control sam-1119

ple is shown in Fig. 1(a). The background model is fur-1120

ther validated by determining the WZ production cross1121

section directly from the Trilepton WH search sample1122

(see Sec. X). The modeling of ZZ background contribu-1123

tions is similarly tested by measuring the ZZ cross section1124

in ZZ → ℓℓνν within the OS Base search samples (see1125

Sec. X).1126

Samples produced using the Baur LO event genera-1127

tor [98] are used in most cases for modeling Wγ and Zγ1128

contributions to the search samples. Generated events1129

are required to have a minimum angular separation of 0.21130

radians between the photon and charged lepton(s) pro-1131

duced in the boson decay. The photon is also required1132

to have a minimum pT of at least 4 GeV/c. Modeling of1133

the Wγ background is tested using the SS Inverse Mℓℓ1134

control region, for which the Wγ event contribution is1135

expected to be greater than 75%. Based on this control1136

sample, a scale factor of 0.71 on the overall normalization1137

of the Wγ sample is obtained. An example of the agree-1138

ment between observed and predicted kinematic distri-1139

butions in this sample (for the Baur model after scaling)1140

is shown in Fig. 1(b). The Wγ background contribu-1141

tions are of particular importance in the OS Inverse Mℓℓ1142

search sample. For this sample only, madgraph is used1143

to model Wγ background contributions. The minimum1144

threshold on the angular separation between the photon1145

and charged lepton(s) is reduced to 0.1 radians, which1146

expands the search reach in the low Mℓℓ region. The1147

madgraph model is also validated with the SS Inverse1148

Mℓℓ control sample. In this case, the normalization of1149

the model agrees with data, and no scaling is needed.1150

An example of the agreement between observed and pre-1151

dicted kinematic distributions for this control sample (for1152

the madgraph model) is shown in Fig. 1(c). Validation1153

of the Baur modeling of the Zγ process is obtained from1154

the Trilepton WH (intermediate E/T ) control sample, and1155
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FIG. 1: Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background processes contributing to search samples. (a) Dilepton angular separation,
∆R(ℓ+ℓ−)near, from Trilepton ZH (0 Jet) control sample testing pythia WZ event model. (b) ∆R(ℓℓ) from SS Inverse Mℓℓ

control sample testing Baur Wγ event model. (c) ∆R(ℓℓ) from SS Inverse Mℓℓ control sample testing madgraph Wγ event
model. (d) ∆R(ℓ+ℓ−)near from Trilepton WH (Intermediate E/T ) control sample testing Baur Zγ event model.

an example of the agreement between observed and pre-1156

dicted kinematic distributions for this control sample is1157

shown in Fig. 1(d).1158

Dilepton events originate from the process tt̄ →1159

W+bW−b̄ → ℓ+νbℓ−ν̄b̄. The presence of two bottom1160

quarks in the final state implies LO contributions to all1161

search samples including those that contain events with1162

multiple reconstructed jets. Event samples obtained from1163

pythia are therefore used for modeling tt̄ background1164

contributions across all search samples. Events contain-1165

ing jets tagged as b-quark candidates are removed from1166

the OS (2+ Jets) search sample. For the special case1167

of modeling the tt̄ background contribution within this1168

sample, a standard CDF scale factor (1.04) that cor-1169

rects Monte Carlo b-tagging inefficiency to match that1170

observed in data is applied. A second scale factor (1.02)1171

is also used to account for the small fraction of events1172

in data, in which silicon-tracker information required for1173

tagging b-quark jets is missing. The OS Base (2+ Jets,1174

b-tagged) control sample, which is expected to have a tt̄1175

contribution greater than 95%, is used to validate the1176

modeling. Since events in this control sample are re-1177

quired to have at least one b-tagged jet, a reciprocal set1178

of scale factors are applied to the modeled tt̄ contribu-1179

tion. An example of the agreement between observed and1180

predicted kinematic distributions for this control sample1181

is shown in Fig. 2(a).1182

Modeling of background contributions in the search1183

samples associated with DY (Z/γ∗) production is partic-1184

ularly complicated. Inclusive production is generally very1185

well-modeled with pythia. However, because of mini-1186

mum missing transverse energy requirements, the search1187

samples contain DY background contributions originat-1188

ing from only a small subset of this inclusive production.1189
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FIG. 2: Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background processes contributing to search samples. (a) Sum of measured lepton and
jet transverse energies and missing transverse energy, HT , from OS Base (2+ Jets, b-tagged) control sample testing pythia tt̄
event model. (b) ∆R(ℓℓ) from OS Base (Intermediate E/

spec

T ) control sample testing tuned pythia DY event model. (c) ∆R(ℓℓ)
from OS Base (2+ Jets, Intermediate E/

spec

T ) control sample testing alpgen DY event model. (d) ∆R(ℓℓ) from OS Inverse Mℓℓ

(Intermediate E/
spec

T ) control sample testing madgraph DY event model.

In particular, since dilepton events originating from DY1190

production do not involve neutrinos, missing transverse1191

energy is necessarily generated from the mismeasurement1192

of lepton and jet energies. For the OS Base (0 Jet and1193

1 Jet) search samples, DY modeling is based on pythia-1194

generated event samples. The OS Base (Intermediate1195

E/
spec
T ) control sample is used to validate and tune these1196

samples. Initially, we observe poor modeling of the max-1197

imum measured missing transverse energies associated1198

with specific values of Z/γ∗ transverse momenta. At the1199

level of the hard interaction, missing transverse energy1200

is primarily limited to mismeasurements in the energies1201

of recoil particles produced in balance with the Z/γ∗1202

transverse momentum. However, additional event ener-1203

gies originating from soft scattering processes not nec-1204

essarily well-modeled in the simulation provide an addi-1205

tional source of mismeasurements in data and can pro-1206

duce events with larger missing transverse energies than1207

expected from simulation.1208

To mimic these unmodeled effects, a constant offset is1209

added to the missing transverse energy within each simu-1210

lated event. The value of this offset is such that the best1211

match is achieved in the relevant kinematic distributions1212

between data and simulation within the OS Base (Inter-1213

mediate E/
spec
T ) control sample. The resulting offset is1214

+4 ± 2 GeV. The tuned simulated events are reweighted1215

to reproduce observed event counts correctly in the OS1216

Base (Intermediate E/
spec
T ) control sample. Independent1217

reweightings are obtained for simulated events within the1218

dilepton invariant mass ranges of 16–36, 36–56, 56–76,1219

76–106, and greater than 106 GeV/c2. An example of1220

the agreement between observed and predicted kinematic1221
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distributions for the control sample after applying this1222

tuning procedure is shown in Fig. 2(b).1223

In the OS Base (2+ Jets) search sample, DY contribu-1224

tions from NNLO are significant and alpgen-generated1225

events are used for modeling the background. A simi-1226

larly defined OS Base (2+ Jets, Intermediate E/
spec
T ) data1227

control region is used to validate the alpgen event mod-1228

eling. Owing to the presence of two high-ET jets within1229

each event, effects from unmodeled energies associated1230

with soft scatter processes are reduced, and the untuned1231

event model is found to be sufficient. An example of1232

the agreement between observed and predicted kinematic1233

distributions for this control sample is shown in Fig. 2(c).1234

A unique set of production processes is associated with1235

DY contributions to the OS Inverse Mℓℓ search sample.1236

In this sample, events originate primarily from simple1237

2 → 2 scattering processes, in which the Z/γ∗ is radi-1238

ated from a final state quark. This mechanism allows1239

for the production of events with low mass Z/γ∗ bosons1240

of sufficient pT such that significant missing transverse1241

energy can be obtained through the mismeasurement of1242

associated recoil particle energies. Since this process is1243

not modeled by pythia, madgraph is used to model DY1244

contributions in this sample. This modeling is validated1245

using the OS Inverse Mℓℓ (Intermediate E/
spec
T ) control1246

sample. The lack of e–µ dilepton events within this sam-1247

ple indicates that cascade decays of bottom quarks are1248

not an appreciable background. Dileptons from charmo-1249

nium and bottomonium decays can be observed within1250

this control sample but are vetoed as described in Sec. V.1251

An example of the agreement between observed and pre-1252

dicted kinematic distributions for this control sample is1253

shown in Fig. 2(d).1254

Finally, DY background contributions to the SS (1+1255

Jets) search sample come primarily from Z → e+e−1256

production, in which a photon radiated from one of1257

the electrons subsequently converts into an additional1258

e+e− pair within the detector material. Resulting elec-1259

tron candidates with three neighboring charged particles1260

are referred to as “tridents” and often have misrecon-1261

structed charges due to issues associated with the sharing1262

of hits between tracks. Since background contributions1263

from tridents can be significant in this search sample,1264

electron candidates in these events are required to sat-1265

isfy tight selection criteria. With this requirement, tri-1266

dent event contributions are substantially reduced and1267

pythia-generated samples are found to provide a good1268

model for the remaining background. The model is vali-1269

dated with the SS (1+ Jets, low E/T ) control sample, and1270

an example of the agreement between observed and pre-1271

dicted kinematic distributions for this sample is shown1272

in Fig. 3(a).1273

DY background contributions from Z/γ∗ → τ+τ− de-1274

cays represent another special case. This process results1275

in nonnegligible event contributions to both OS Hadronic1276

Tau search samples and the e–µ components of other1277

dilepton search samples. The neutrinos produced in sub-1278

sequent decays of the τ leptons into electrons and muons1279

introduce missing transverse energy in these events, in-1280

creasing the chance they get accepted into one of the1281

search samples even without significant energy mismea-1282

surements. We use pythia-generated samples to model1283

this process and validate the modeling using the OS1284

Hadronic Tau (µ+τhad, low E/T , low ∆φ(~pT (ℓ), ~E/T )) con-1285

trol sample. Figure 3(b) shows an example of the agree-1286

ment between observed and predicted kinematic distri-1287

butions for this sample. The overall agreement within1288

this control region is also used for assigning uncertain-1289

ties on the efficiency for reconstructing and identifying1290

hadronically-decaying tau lepton candidates, which is ob-1291

tained directly from simulation.1292

Dilepton background contributions from events con-1293

taining one real lepton and a second jet misidentified as1294

a lepton originate from a high-production cross-section1295

process, W bosons produced in association with addi-1296

tional partons, in combination with low probability and1297

hard-to-simulate detector-level effects that allow a par-1298

ton jet to be reconstructed as a lepton. Trilepton back-1299

ground contributions from events with two real leptons1300

and a third jet misidentified as a lepton originate in the1301

same way starting from Z boson production in associ-1302

ation with jets. Because of the difficulties associated1303

with simulating these processes, we rely mostly on data-1304

driven background modeling. However, the probability1305

for a parton jet to mimic the signature of a hadronically-1306

decaying tau lepton candidate is significantly larger than1307

that of an electron or muon candidate. We are there-1308

fore able to rely on alpgen-generated events for mod-1309

eling W+jets contributions in the OS Hadronic Tau1310

search samples and the Z+jets contribution in the Trilep-1311

ton WH (ℓ + ℓ + τhad) sample. We rely on the OS1312

Hadronic Tau (high ∆φ(~pT (τ), ~pT (ℓ))) and Trilepton WH1313

(ℓ + ℓ + τhad, Intermediate E/T ) control samples, respec-1314

tively, for validating the two alpgen background models.1315

Examples of the agreement between observed and pre-1316

dicted kinematic distributions for the two samples are1317

shown in Figs. 3(c) and 3(d).1318

For the remaining search samples, in which a parton jet1319

is misidentified as an electron or muon candidate, a data-1320

driven technique is used for modeling contributions from1321

W+jets and Z+jets production. The technique relies on1322

parametrization of the probability for a jet to be misiden-1323

tified as a lepton. This parametrization is obtained from1324

data using events collected by single-jet triggers with1325

varying energy thresholds. For each electron and muon1326

category used in the searches, an associated fakeable lep-1327

ton candidate is defined based on relaxed identification1328

requirements. To avoid trigger biases, we ignore the high-1329

est ET jet reconstructed within each single-jet triggered1330

event. The total number of remaining jets that satisfy1331

the fakeable-lepton selection criteria forms the denomi-1332

nator of the jet fake rate for the associated lepton type.1333

The number of these jets that additionally satisfy the full1334

charged-lepton identification selection forms the fake rate1335

numerator, which is corrected for the expected contribu-1336

tion of real high-pT leptons in these samples from simu-1337
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FIG. 3: Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background production processes contributing to the search samples. (a) Transverse
energy of leading jet, ET (j1), from SS (1+ Jets, low E/T ) control sample testing pythia DY event model for “tridents”. (b)

Invariant mass of muon and tau pair, Mµ,τ from OS Hadronic tau (µ+τhad, low E/T , low ∆φ(~PT (ℓ), ~E/T )) control sample testing
pythia DY Z/γ∗ → τ+τ− event model. (c) Invariant mass of electron and tau pair, Me,τ from OS Hadronic tau (e+ τhad, high

∆φ(~PT (e), ~PT (τ ))) control sample testing alpgen W+Jets event model. (d) Trilepton invariant mass, Mℓℓτhad
, from Trilepton

WH (ℓ + ℓ + τhad, Intermediate E/T ) control sample testing alpgen Z+Jets event model.

latedW and Z boson events. Fake rates are parametrized1338

as a function of lepton pT and are typically of the order of1339

a few percent. Modeling of dilepton W+jets background1340

contributions is obtained by applying the measured fake1341

rates as weights to events collected using standard high-1342

pT single-lepton triggers that are found to contain ex-1343

actly one fully-selected lepton candidate and one or more1344

fakeable lepton candidates. Similarly, modeling of trilep-1345

ton Z+jets background contributions is obtained starting1346

from a sample of events with exactly two fully-selected1347

lepton candidates and one or more fakeable candidates.1348

A correction is applied to the weights of individual events,1349

for which the fakeable candidate is associated with a lep-1350

ton category that cannot be responsible for triggering1351

collection of the event. This correction accounts for the1352

missing contribution of events containing leptons from1353

the same categories, in which the triggered lepton is the1354

fake lepton.1355

Several control samples are used to validate the data-1356

driven background modeling for W+jets production. We1357

use the SS Base and SS Base (2+ Jets) control samples1358

to validate W+jets modeling in the OS dilepton search1359

samples. Examples of the agreement between observed1360

and predicted kinematic distributions for the two sam-1361

ples are shown in Figs. 4(a) and 4(b). Although we use1362

the same data-driven technique to model W+jets back-1363

grounds in the SS (1+ Jets) search sample, several of the1364

looser lepton categories, which are a dominant source of1365

fake backgrounds in the OS dilepton search samples, are1366

not used for selecting events for the SS dilepton sam-1367
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FIG. 4: Comparisons of observed and predicted kinematic distributions from independent data control samples used for
validating the modeling of individual background production processes contributing to the search samples. (a) ∆R(ℓℓ) from
SS Base control sample testing data-driven W+jets event model. (b) ∆R(ℓℓ) from SS Base (2+ Jets) control sample testing
data-driven W+jets event model. (c) Azimuthal opening angle between missing transverse energy and nearest lepton or jet,
∆φ(E/T ,ℓ or jet), from SS (0 Jet) control sample testing data-driven W+jets event model. (d) Azimuthal opening angle between
tau lepton transverse momentum and missing transverse energy, ∆φ(E/T , τ ), from OS Hadronic Tau (e + τhad, low E/T ) control
sample testing data-driven multijet event model.

ple. Therefore, we independently validate W+jets mod-1368

eling for this sample using the SS (0 Jet) control sample.1369

An example of the agreement between observed and pre-1370

dicted kinematic distributions for this sample is shown1371

in Fig. 4(c).1372

Finally, background contributions from dijet and1373

photon-jet production to the OS Hadronic Tau search1374

samples are also modeled directly from data. Events1375

containing an electron or muon candidate and a1376

hadronically-decaying tau lepton candidate with the1377

same charge that otherwise satisfy search sample criteria1378

are used to model these background sources, which con-1379

tribute events containing two fake leptons. Electroweak1380

contributions to the same-sign sample are removed based1381

on estimates obtained from simulated event samples.1382

This background model is tested using the OS Hadronic1383

Tau (e + τhad, low E/T ) control sample. An example of1384

the agreement between observed and predicted kinematic1385

distributions for this sample is shown in Fig. 4(d).1386

VII. MULTIVARIATE TECHNIQUES1387

Three multivariate techniques are used to obtain the1388

best possible separation of event contributions from a1389

potential signal from those originating from background1390

processes. These are the matrix element method, arti-1391

ficial neural networks, and boosted decision trees. One,1392

or a combination of these techniques, are applied to the1393

analysis of each search sample.1394
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A. Matrix-element method1395

The Matrix Element Method (ME) uses an event-by-1396

event calculation of the probability density for each con-1397

tributing process to produce the observed event. This1398

method is based on simulation of the relevant processes1399

and has been applied to a number of other measure-1400

ments [100–110]. If all details of the collision properties1401

and the detector response are modeled in the ME calcula-1402

tion, this method provides the optimal sensitivity to the1403

signal. However, there are several approximations used in1404

the calculations: theoretical differential cross sections are1405

implemented only at leading order, a simple parametriza-1406

tion of the detector response is used, and for some small1407

(WZ and tt̄) or difficult-to-model (DY) backgrounds, a1408

probability density is not calculated. In addition, sys-1409

tematic uncertainties associated with this approach are1410

difficult to determine.1411

The event probability density for a given process is
calculated as

P (~xobs) =
1

〈σ〉

∫

dσLO(~y)

d~y
ǫ(~y)G(~xobs, ~y)d~y, (2)

where the elements of ~y (~xobs) are the true (observed)
values of the lepton momenta and E/T , dσLO/d~y is
the parton-level differential cross section from mcfm

v3.4.5 [111], ǫ(~y) is a parametrization of detector accep-
tance and efficiency function, and G(~xobs, ~y) is the trans-
fer function representing the detector resolution and a
pythia-based estimate of transverse momentum of the
ℓℓE/T system due to the initial state radiation. The
constant 〈σ〉 normalizes the total event probability to
unity. This calculation integrates the theoretical differen-
tial cross section over the missing information due to two
unobserved neutrinos in the final state. We form a likeli-
hood ratio (L) discriminant, which is the signal probabil-
ity density divided by the sum of signal and background
probability densities,

LggH(~xobs) ≡
PH(~xobs)

PH(~xobs) +
∑

i kiPi(~xobs)
, (3)

where ki are the expected background fractions of WW,1412

ZZ, Wγ, and W+jets. An analogous likelihood ratio,1413

LWW , is similarly formed by treating direct WW pro-1414

duction as the signal. The Matrix Element method is1415

used in conjunction with an artificial neural network and1416

only in the OS Base (0 Jet) search samples as defined in1417

Sec. V.1418

B. Neural networks1419

Artificial neural networks [112] are used to discrimi-1420

nate potential signal events from background events. A1421

three-layer feed-forward network is constructed with NI1422

input nodes in the first layer, NI +1 nodes in the second1423

layer, and one output node in the third and final layer1424

for each search sample relying on this approach. The sin-1425

gle output parameter of the network, referred to as the1426

discriminant, is used to enhance the separation between1427

signal and background. The number of variables being1428

considered, NI , varies depending on the search sample.1429

Events in the simulated or data-driven background sam-1430

ples are weighted such that the sum of the weights is1431

equal to the number of generated and simulated signal1432

events. Only input variables accurately modeled by the1433

simulation are used. A separate neural network is trained1434

for each Higgs boson mass considered. Less discriminant1435

variables are determined for each value of mH and re-1436

moved, resulting in differing sets of network inputs for1437

each value of mH . The selection of kinematic input vari-1438

ables for the neural network is based on kinematic proper-1439

ties of the production and decay of the Higgs boson. Vari-1440

ables that are highly correlated are discarded, resulting1441

in the minimal set of discriminant variables. For the OS1442

Base (0 Jet) search samples, Matrix Element likelihood1443

ratios were included as inputs to the neural network and1444

resulted in only 5% improvements in overall search sen-1445

sitivity, demonstrating that the neural network is able to1446

determine the input variables needed to describe the full1447

kinematic properties of the events and efficiently separate1448

signal and background. Comparable results are obtained1449

using an alternative neural network algorithm [113] fur-1450

ther demonstrating the robustness of the technique.1451

C. Boosted decision trees1452

To discriminate signal from backgrounds in the OS1453

Hadronic Tau and Trilepton WH (ℓ+ℓ+τhad) search sam-1454

ples, a boosted decision tree (BDT) algorithm [113, 114]1455

is used. The use of BDTs for these samples pro-1456

vides a simple mechanism for incorporating hadronically-1457

decaying tau lepton identification variables, which have a1458

significant role in separating potential signal from domi-1459

nant W+jets background contributions. A set of criteria1460

is applied sequentially to the variables provided as input1461

to the tree. A boosting procedure is applied to enhance1462

the separation performance and make the decision robust1463

against statistical fluctuations in the training samples.1464

New trees are derived from the same training sample by1465

reweighting the events, which are misclassified. In this1466

way, each tree is extended to a forest of trees and the1467

final decision is based on a weighted majority vote of all1468

trees within the forest [115].1469

VIII. ANALYSIS OUTCOMES1470

Higgs boson search results from the 13 search samples1471

defined in Sec. V using the multivariate techniques de-1472

scribed in Sec. VII are presented here. Kinematic event1473

variables used as inputs to the multivariate algorithms1474

are chosen to achieve the best possible separation of po-1475

tential signal within each search sample from background1476
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TABLE III: Summary of predicted and observed event yields for seven dilepton search samples formed from electron and muon
candidates. Expected signal yields are shown for potential SM Higgs boson masses of 125 and 165 GeV/c2.

Process OS 0 Jet OS 0 Jet OS 1 Jet OS 1 Jet OS 2+ Jets OS Inverse Mℓℓ SS 1+ Jets

High s/b Lep. Low s/b Lep. High s/b Lep. Low s/b Lep.

tt̄ 2.93 ± 0.93 0.99 ± 0.26 75 ± 15 24.5 ± 4.6 287 ± 42 1.82±0.35 0.58±0.08

DY 230 ± 63 230 ± 63 239 ± 55 176 ± 41 155 ± 66 23.9±4.9 16.4±4.6

WW 661 ± 66 308 ± 31 183 ± 22 78.0 ± 9.6 53 ± 12 37.5±3.6 0.07±0.02

WZ 29.1 ± 4.4 15.5 ± 2.4 26.4± 3.6 16.1 ± 2.2 11.7± 2.2 0.96±0.13 14.6±2.0

ZZ 42.1 ± 6.0 21.4 ± 3.0 11.5± 1.7 5.71 ± 0.82 5.3 ± 1.0 0.29±0.04 2.43±0.33

W+jets 137 ± 33 443 ± 67 54 ± 15 163 ± 26 80 ± 15 56.3±7.8 45±17

Wγ 68.3 ± 8.6 181 ± 23 9.9 ± 1.5 31.6 ± 4.9 7.7 ± 1.9 171 ± 14 5.59±0.85

Total Background 1170±120 1200±110 599±78 495 ± 56 600 ± 98 291 ± 19 85±18

MH = 125 GeV/c2

ggH 6.9 ± 2.1 2.4 ± 0.7 2.8 ± 1.2 0.91± 0.39 1.07±0.53 1.81±0.30 –

WH 0.41 ± 0.07 0.16 ± 0.03 0.87 ± 0.14 0.30± 0.05 1.59±0.22 0.10±0.02 1.25±0.17

ZH 0.25 ± 0.04 0.08 ± 0.01 0.27 ± 0.04 0.10± 0.02 0.76±0.10 0.06±0.01 0.18±0.02

VBF 0.04 ± 0.01 0.013 ± 0.003 0.23 ± 0.04 0.07± 0.01 0.55±0.09 0.05±0.01 –

Total Signal 7.6 ± 2.1 2.6 ± 0.7 4.2 ± 1.2 1.4± 0.4 3.98±0.71 2.02±0.30 1.43±0.17

MH = 165 GeV/c2

ggH 21.6 ± 6.4 7.3 ± 2.2 10.9 ± 4.6 3.5 ± 1.5 5.0±2.5 4.02±0.66 –

WH 0.53 ± 0.09 0.19 ± 0.03 1.47 ± 0.23 0.47± 0.08 4.35±0.61 0.14±0.02 2.69±0.36

ZH 0.55 ± 0.08 0.15 ± 0.02 0.57 ± 0.09 0.18± 0.03 2.16±0.29 0.11±0.02 0.39±0.05

VBF 0.19 ± 0.04 0.06 ± 0.01 1.05 ± 0.18 0.30± 0.05 2.51±0.41 0.15±0.03 –

Total Signal 22.9 ± 6.5 7.7 ± 2.2 14.0 ± 4.7 4.4 ± 1.5 14.0±2.9 4.41±0.68 3.08±0.41

Data 1136 1402 545 488 596 319 87

contributions. Relative contributions of different signal1477

and background production processes vary significantly1478

across samples. Therefore, the multivariate outputs used1479

to classify events within each search sample are based on1480

unique sets of kinematic input variables, designed to take1481

advantage of the distinct kinematic properties of poten-1482

tial signal and background events within each sample.1483

Each multivariate output is trained to distinguish po-1484

tential signal from backgrounds based on the modeling1485

described in Sec. VI.1486

A. Dilepton search samples1487

The numbers of expected events from each contribut-1488

ing signal and background process are compared in Ta-1489

ble III with the total number of observed events in each of1490

the seven dilepton search samples formed from electron1491

and muon candidates. Background and signal predic-1492

tions, which are shown for potential Higgs boson masses1493

of 125 and 165 GeV/c2, come directly from the modeling1494

described in Sec. VI.1495

A summary of the kinematic variables used as inputs to1496

the multivariate algorithms for separating potential sig-1497

nal from background contributions in these seven search1498

samples is shown in Table IV. Important input variables1499

for the diboson search samples include the charged-lepton1500

transverse momenta, the angular separation of the lep-1501

ton trajectories, and angles between the lepton and jet1502

momenta in the events. The scalar sums of transverse1503

momenta, including or excluding E/T , are also considered.1504

The OS 0 Jet search samples have the best individ-1505

ual sensitivity to a potential Higgs boson signal. The1506

dominant Higgs boson production process contributing1507

to these samples is ggH , but small (≈ 5%) contributions1508

from other production mechanisms are considered. The1509

primary background contribution (over 40%) to these1510

samples is from direct W+W− production and neu-1511

ral networks are trained specifically to distinguish this1512

background from potential ggH-produced Higgs boson1513

events. In this case, the neural network input variables1514

include matrix-element likelihood ratios, LR(HWW )1515

and LR(WW ), along with the following eight kine-1516

matic event variables: ∆φ(ℓℓ), ∆R(ℓℓ), M(ℓℓ), pT (ℓ1),1517

pT (ℓ2), HT , MT (ℓ,ℓ,E/T ), and E/
spec
T . Distributions of the1518

most discriminating among these variables, ∆φ(ℓℓ) and1519

LR(HWW ), are shown in Figs. 5(a) and 5(b) for the1520

High s/b Leptons sample and in Figs. 5(c) and 5(d) for1521

the Low s/b Leptons sample. These variables are sensi-1522
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TABLE IV: Summary of kinematic variables used as inputs to the multivariate algorithms for separating signal and background
contributions in the dilepton search samples.

Variable Definition OS OS OS OS SS OS

0 Jet 1 Jet 2+ Jets Inverse Mℓℓ 1+ Jets Hadronic Tau

E(ℓ1) Energy of the leading lepton X X

E(ℓ2) Energy of the subleading lepton X

pT (ℓ1) Transverse momentum of the leading lepton X X X X X X

pT (ℓ2) Transverse momentum of the subleading lepton X X X X X X

∆φ(ℓℓ) Azimuthal angle between the leptons X X X X

∆η(ℓℓ) Difference in pseudorapidities of the leptons X

∆R(ℓℓ) ((∆η(ℓℓ))2 + (∆φ(ℓℓ))2)1/2
X X X X X

M(ℓℓ) Invariant mass of dilepton pair X X X X

ET (j1) Transverse energy of the leading jet X X

ET (j2) Transverse energy of the subleading jet X

η(j1) Pseudorapidity of the leading jet X

η(j2) Pseudorapidity of the subleading jet X

∆φ(jj) Azimuthal angle between two leading jets X

∆η(jj) Difference in pseudorapidities of two leading jets X

∆R(jj) ((∆η(jj))2 + (∆φ(jj))2)1/2
X

M(jj) Invariant mass of two leading jets X

Njets Number of jets in event X

ΣET (jets) Scalar sum of transverse jet energies X X

ΣET (ℓ,jets) Scalar sum of lepton pT and jet (if any) ET X X

|Σ ~ET | Magnitude of vector sum of lepton pT and jet (if any) ET X

E/T Missing transverse energy X X

ΣET (ℓ,E/T ) Scalar sum of transverse lepton momenta and the E/T X X

∆φ(E/T ,ℓ) Azimuthal angle between e or µ candidate and E/T X

∆φ(E/T ,τ) Azimuthal angle between τ candidate and E/T X

∆φ(ℓℓ,E/T ) Azimuthal angle between ~pT (ℓ1) + ~pT (ℓ2) and the E/T X X

∆φ(E/T ,ℓ or jet) Azimuthal angle between the E/T and nearest lepton or jet X X X

E/spec

T Projection of E/T on nearest lepton or jet X X X X X

or E/T if ∆φ(E/T ,ℓ or jet) > π/2

E/sig

T E/T /(ΣET (ℓ,jets))1/2
X X X X X

MT (ℓ,E/T ) Transverse mass of e or µ candidate and E/T X

MT (τ ,E/T ) Transverse mass of τ candidate and E/T X

MT (ℓ,ℓ,E/T ) Transverse mass of the two leptons and the E/T X X X

MT (ℓ,ℓ,E/T ,jets) Transverse mass of the two leptons, all jets, and the E/T X

HT Scalar sum of lepton pT , jet ET , and the E/T X X X

C Centrality based on leptons, jets and the E/T X

A Aplanarity based on leptons, jets and the E/T X

LR(HWW ) ME-based likelihood for ggH Higgs boson production X

LR(WW ) ME-based likelihood for nonresonant W+W− production X

cos(∆φ(ℓℓ))CM Cosine of the azimuthal angle between the leptons in the X X

Higgs boson rest frame

cos(ψ(ℓ2))CM Cosine of angle between subleading lepton and Higgs boson X

in Higgs boson rest frame

tive to the spin correlations between the two W bosons1523

produced in the decay of the spin-0 Higgs boson, which1524

tend to result in events with collinear leptons. Sepa-1525

rate neural networks are trained for each tested Higgs1526

boson mass using combined samples of modeled signal1527

and background events containing both high and low s/b1528

lepton candidates. These networks are then applied in-1529

dependently to both the high and low s/b lepton search1530

samples. Examples of neural network output distribu-1531

tions for these two search samples are shown in Figs. 7(a)1532

and 7(b) and in Figs. 8(a) and 8(b) for Higgs boson1533

masses of 125 and 165 GeV/c2, respectively. These distri-1534

butions illustrate the ability of the neural network to effi-1535

ciently separate potential signal events from background1536

contributions with the exception of direct W+W− pro-1537

duction, which is indistinguishable from signal, in a por-1538

tion of phase space.1539

For the OS Base 1 Jet search samples, the VH and VBF1540

Higgs boson production mechanisms contribute more sig-1541

nificantly, accounting for ≈ 25% of the potential signal.1542
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FIG. 5: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) OS Base (0 Jet, high s/b Leptons), (c,d) OS Base (0 Jet, low s/b Leptons), (e,f)
OS Base (1 Jet, high s/b Leptons), and (g,h) OS Base (1 Jet, low s/b Leptons) search samples. The overlaid signal predictions
correspond to the sum of four production modes (ggH , WH, ZH, and VBF) for a Higgs boson with mass of 165 GeV/c2 and
are multiplied by a factor of 10 for visibility.
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FIG. 6: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) OS Base (2+ Jets), (c,d) OS Inverse Mℓℓ, and (e,f) SS (1+ Jets) search
samples. The overlaid signal predictions correspond to the sum of four production modes (ggH , WH, ZH, and VBF) for a
Higgs boson with mass of 165 GeV/c2 and are multiplied by factors of 10 to 15 for visibility.

Background contributions from DY events, which con-1543

tain significant missing energy due to jet energy mis-1544

measurements, are also relevant. Neural networks for1545

these search samples are based on the following 12 kine-1546

matic input variables: ∆R(ℓℓ), M(ℓℓ), pT (ℓ1), pT (ℓ2),1547

MT (ℓ,ℓ,E/T ), E/
spec
T , E(ℓ1), ∆φ(E/T ,ℓ or jet), ∆φ(ℓℓ,E/T ),1548

cos(∆φ(ℓℓ))CM , E/
sig
T , and C. Distributions of the most1549

discriminating among these variables, ∆R(ℓℓ) and E/
spec
T ,1550

are shown in Figs. 5(e) and 5(f) for the High s/b Lep-1551

tons sample and in Figs. 5(g) and 5(h) for the Low s/b1552
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FIG. 7: Predicted and observed distributions of neural network output variables for networks trained to separate potential
Higgs boson (mH = 125 GeV/c2) events from background contributions in the (a) OS Base (0 Jet, high s/b Leptons), (b) OS
Base (0 Jet, low s/b Leptons), (c) OS Base (1 Jet, high s/b Leptons), (d) OS Base (1 Jet, low s/b Leptons), (e) OS Base (2+
Jets), (f) OS Inverse Mℓℓ, and (g) SS (1+ Jets) search samples. The overlaid signal predictions correspond to the sum of four
production modes (ggH , WH, ZH, and VBF) and are multiplied by factors of 10 to 15 for visibility.
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FIG. 8: Predicted and observed distributions of neural network output variables for networks trained to separate potential
Higgs boson (mH = 165 GeV/c2) events from background contributions in the (a) OS Base (0 Jet, high s/b Leptons), (b) OS
Base (0 Jet, low s/b Leptons), (c) OS Base (1 Jet, high s/b Leptons), (d) OS Base (1 Jet, low s/b Leptons), (e) OS Base (2+
Jets), (f) OS Inverse Mℓℓ, and (g) SS (1+ Jets) search samples. The overlaid signal predictions correspond to the sum of four
production modes (ggH , WH, ZH, and VBF) and are multiplied by factors of 10 to 15 for visibility.
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Leptons sample. The ∆R(ℓℓ) variable provides good1553

discrimination against significant W+W− contributions,1554

while the E/
spec
T variable is useful for separating the sig-1555

nal from larger DY contributions. Training of the neu-1556

ral networks is based on combined samples containing1557

events with both high and low s/b lepton candidates.1558

The resulting networks are then applied separately to the1559

two search samples containing the events with the high1560

and low s/b leptons. Examples of neural network output1561

distributions for these two search samples are shown in1562

Figs. 7(c) and 7(d) and in Figs. 8(c) and 8(d) for Higgs1563

boson masses of 125 and 165 GeV/c2, respectively.1564

In the OS 2+ Jets search sample the VH and VBF1565

Higgs boson production mechanisms account for ≈ 65%1566

of the total expected signal. Even after rejecting events1567

with a jet tagged as likely to have originated from a1568

bottom quark, roughly 50% of background events are1569

estimated to originate from tt̄ production. Two neu-1570

ral networks are trained to distinguish signal from back-1571

ground. One network distinguishes ggH production from1572

background contributions without using jet kinematic in-1573

formation. The second network incorporates jet-related1574

variables as inputs and is trained to separate VH and1575

VBF production, which result in events with multiple1576

jets at LO, from background contributions. A single, final1577

discriminant is obtained by taking the higher of the two1578

discriminant values obtained from the individual neural1579

networks. We follow this approach to avoid dependence1580

on the pythia modeling of the higher-order processes1581

within ggH production, which yield the small fraction of1582

ggH events containing multiple jets. Higgs boson events1583

from ggH production are dominantly selected by the1584

first network minimizing any potential mismodeling ef-1585

fects. The 17 kinematic input variables used for both1586

networks are ∆φ(ℓℓ), ∆R(ℓℓ), M(ℓℓ), pT (ℓ1), pT (ℓ2),1587

HT , MT (ℓ,ℓ,E/T ), MT (ℓ,ℓ,E/T ,jets), E/
spec
T , ΣET (ℓ,E/T ),1588

∆φ(ℓℓ,E/T ), ΣET (ℓ,jets), cos(∆φ(ℓℓ))CM , cos(ψ(ℓ2))CM ,1589

E/
sig
T , A, and ΣET (jets). The additional 8 jet-related vari-1590

ables used as inputs to the network trained for separating1591

VH and VBF production are M(jj), ∆φ(jj), ∆η(jj),1592

∆R(jj), ET (j1), ET (j2), η(j1), and η(j2). In the case1593

of this second network, the 4 combinations of the total1594

23 variables most discriminating for Higgs boson mass1595

of 125, 140, 160, and 185 GeV/c2, are reused as inputs1596

to networks trained for neighboring mass values. Dis-1597

tributions of the variables found to contain the largest1598

discriminating power, M(ℓℓ) and ∆φ(ℓℓ,E/T ), are shown1599

in Figs. 6(a) and 6(b). Using a large number of net-1600

work input variables makes it possible to separate the1601

large number of signal and background processes that1602

contribute to this sample. Specific variables are targeted,1603

for example, at identifying the W boson spin correlation1604

associated with the decay of the spin-0 Higgs boson, the1605

hadronic decay of a third vector boson associated with1606

VH production, the large rapidity gap present between1607

the additional jets originating from VBF production, the1608

high overall energy in events from top-quark pair produc-1609

tion, and the Z boson associated with either DY or di-1610

rect WZ and ZZ production. Examples of neural network1611

output distributions for this search sample are shown in1612

Figs. 7(e) and 8(e) for Higgs boson masses of 125 and1613

165 GeV/c2, respectively.1614

Including the OS InverseMℓℓ search sample leads to an1615

overall gain in signal acceptance of approximately 35%,1616

with respect to that of the combined OS Base search1617

samples, for a Higgs boson with mH = 125 GeV/c2. In1618

this sample the dominant signal contribution is from ggH1619

production, although smaller contributions from VH and1620

VBF production are considered. The largest background1621

contribution is associated with Wγ production. The 131622

kinematic variables used as inputs to the neural network1623

trained for separating signal and background are ∆φ(ℓℓ),1624

∆R(ℓℓ), pT (ℓ1), pT (ℓ2), HT , E/
spec
T , E(ℓ1), E(ℓ2), ΣET ,1625

|Σ ~ET |, E/sig
T , ∆φ(E/T ,ℓ or jet), and ΣET (ℓ,jets). Distribu-1626

tions of the most discriminating among these variables,1627

ΣET (ℓ,jets) and E/
sig
T , are shown in Figs. 6(c) and 6(d).1628

The two variables exploit the higher total event energy1629

expected from a high-mass Higgs boson decay and the1630

absence of neutrinos within events originating from Wγ1631

production. Examples of neural network output distri-1632

butions for this search sample are shown in Figs. 7(f)1633

and 8(f) for Higgs boson masses of 125 and 165 GeV/c2,1634

respectively.1635

The SS 1+ Jets search sample focuses solely on sig-1636

nal contributions from VH production, in which like-sign1637

charged leptons result from the decays of the associated1638

vector boson and one of two W bosons produced in the1639

Higgs boson decay. Over 50% of background events in the1640

sample are predicted to originate from W+jets produc-1641

tion, where the lepton candidate, misidentified from the1642

decay products of the jet, is assigned the same charge1643

as the lepton produced in the W boson decay. The 91644

kinematic variables used to train the neural network used1645

for separating signal and backgrounds are pT (ℓ1), pT (ℓ2),1646

E/T , E/
spec
T , ∆φ(E/T ,ℓ or jet), E/

sig
T , ΣET (jets), ET (j1), and1647

Njets. Distributions of the most discriminating among1648

these variables, E/
sig
T and Njets, are shown in Figs. 6(e)1649

and 6(f). These variables are sensitive to the presence of1650

neutrinos and jets associated with leptonic and hadronic1651

decays of the multiple vector bosons originating from the1652

VH production process. Examples of neural network out-1653

put distributions for this search sample are shown in1654

Figs. 7(g) and 8(g) for Higgs boson masses of 125 and1655

165 GeV/c2, respectively.1656

B. Dilepton search samples with1657

hadronically-decaying tau leptons1658

The numbers of expected events from each contribut-1659

ing signal and background process are compared in Ta-1660

ble V with the total number of observed events in each1661

of the two dilepton search samples formed from one elec-1662

tron or muon candidate and one hadronically-decaying1663

tau lepton candidate. Background and signal predic-1664
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tions, referring to potential Higgs boson masses of 1251665

and 165 GeV/c2, come directly from the modeling de-1666

scribed in Sec. VI.1667

Signal and background kinematic properties of events1668

in these samples are similar to those in the other dilepton1669

search samples and the multivariate techniques applied1670

to these samples for separating signal and background1671

contributions use a subset of the kinematic variables1672

in Table IV as inputs. In addition, identification vari-1673

ables associated with the hadronically-decaying tau lep-1674

ton candidate are strongly discriminating against domi-1675

nant W+jets background contributions, in which a parti-1676

cle jet is misidentified as a hadronically-decaying tau lep-1677

ton candidate. The additional tau lepton identification1678

variables used as inputs to the BDT algorithms applied1679

to these samples are listed in Table VI.1680

The dominant signal contributions to the OS Hadronic1681

Tau search samples originate from ggH production, al-1682

though contributions from the VH and VBF production1683

mechanisms are also considered. Over 80% of events in1684

these samples are predicted to originate from W+jet pro-1685

duction. A BDT algorithm, with a combined set of dilep-1686

ton kinematic and tau lepton identification variables as1687

inputs, is used to provide a single output variable for dis-1688

tinguishing potential signal events from the large back-1689

ground contributions. The best separation is obtained,1690

when the BDT algorithm is trained solely to distinguish1691

ggH signal from W+jet background contributions. Al-1692

though the same set of input variables are used, inde-1693

pendent BDT algorithms are trained for the e+τhad and1694

µ+τhad search samples to exploit differences in the distri-1695

butions of reconstructed electron and muon candidates.1696

The 12 kinematic variables used as inputs to the BDT1697

algorithms are ∆φ(ℓℓ), ∆η(ℓℓ), ∆R(ℓℓ), M(ℓℓ), pT (ℓ1),1698

E/T , E/
sig
T , ΣET (ℓ,jets), ∆φ(E/T ,ℓ), ∆φ(E/T ,τ), MT (ℓ,E/T ),1699

and MT (τ ,E/T ). All 12 tau lepton identification vari-1700

ables listed in Table VI are also used. Distributions1701

of the most discriminating variables, ΣPT (iso cone) and1702

θclosesttrack , are shown in Figs. 9(a) and 9(b) for the e+τhad1703

sample and in Figs. 9(c) and 9(d) for the µ+τhad sample.1704

These variables primarily separate events containing real1705

and misidentified hadronically-decaying tau lepton can-1706

didates. Examples of BDT output distributions for the1707

two search samples are shown in Figs. 10(a) and 10(b)1708

and in Figs. 10(c) and 10(d) for Higgs boson masses of1709

125 and 165 GeV/c2, respectively.1710

TABLE V: Summary of predicted and observed event yields
for two dilepton search samples formed from one electron
or muon candidate and one hadronically-decaying tau lepton
candidate. Expected signal yields are shown for potential SM
Higgs boson masses of 125 and 165 GeV/c2.

Process OS Hadronic OS Hadronic

Tau (e+τhad) Tau (µ+τhad)

tt̄ 15.6±2.3 11.3±1.7

WW, WZ, and ZZ 25.1±3.7 19.5±2.9

Multijet and γ+jet 0±34 0±29

DY (Z → ττ ) 0.5±0.2 1.2±0.8

DY (Z → ee, µµ) 14.4±3.6 78±12

W+jets 745±123 514±85

Wγ 2.5±0.4 2.3±0.3

Total Background 803±126 626±89

MH = 125 GeV/c2

ggH 0.12±0.02 0.09±0.02

WH 0.07±0.01 0.05±0.01

ZH 0.04±0.01 0.03±0.01

VBF 0.01±0.00 0.01±0.00

Total Signal 0.24±0.03 0.18±0.02

MH = 165 GeV/c2

ggH 1.07±0.18 0.80±0.13

WH 0.25±0.03 0.17±0.02

ZH 0.15±0.02 0.11±0.02

VBF 0.10±0.02 0.08±0.01

Total Signal 1.56±0.21 1.16±0.15

Data 792 598
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TABLE VI: Summary of identification variables associated with a hadronically-decaying tau lepton candidate used as inputs
to the multivariate algorithms for separating signal and background contributions.

Variable Definition OS Trilepton

Hadronic Tau WH ℓ+ℓ+τhad

pseed
T Transverse momentum of tau candidate seed track X X

dseed
0 Impact parameter of tau candidate seed track with respect to primary vertex X X

Evis
T Tau candidate visible transverse energy X X

Mvis
T Tau candidate visible mass X X

Itrack Tau candidate track isolation X X

ΣPT (iso cone) Scalar sum of track pT for all tracks within isolation cone not used in X X

reconstruction of tau candidate

ΣET (iso cone) Scalar sum of π0 candidate ET for all candidates within isolation cone X X

not used in reconstruction of tau candidate

pclosest
T pT of track closest to direction of tau candidate visible momentum X X

Eclosest
T ET of π0 candidate closest to direction of tau candidate visible momentum X X

θclosest
track Angle between tau candidate and the closest track X X

θclosest
π0 Angle between tau candidate and the closest π0 candidate X X

(iso cone) [GeV]T PΣ
0 1 2 3 4 5 6 7

E
n

tr
ie

s 
/ 0

.5
 G

eV

0

20

40

60

80

100

120

140

160

180

200

220

(iso cone) [GeV]T PΣ
0 1 2 3 4 5 6 7

E
n

tr
ie

s 
/ 0

.5
 G

eV

0

20

40

60

80

100

120

140

160

180

200

220
W+jets

γW+

tt
WZ/ZZ
DY
WW

 100×HWW 
Data

OS Hadronic Tau
)hadτ(e + 

 = 165 GeVHM

(a)

 [rad]track
closestθ

0 0.1 0.2 0.3 0.4 0.5 0.6

E
n

tr
ie

s 
/ 0

.0
4 

ra
d

0

20

40

60

80

100

120

140

160

180

 [rad]track
closestθ

0 0.1 0.2 0.3 0.4 0.5 0.6

E
n

tr
ie

s 
/ 0

.0
4 

ra
d

0

20

40

60

80

100

120

140

160

180
W+jets

γW+

tt
WZ/ZZ
DY
WW

 100×HWW 
Data

OS Hadronic Tau
)hadτ(e + 

 = 165 GeVHM

(c)

(iso cone) [GeV]T PΣ
0 1 2 3 4 5 6 7

E
n

tr
ie

s 
/ 0

.5
 G

eV

0

20

40

60

80

100

120

140

160

(iso cone) [GeV]T PΣ
0 1 2 3 4 5 6 7

E
n

tr
ie

s 
/ 0

.5
 G

eV

0

20

40

60

80

100

120

140

160
W+jets

γW+

tt
WZ/ZZ
DY
WW

 100×HWW 
Data

OS Hadronic Tau
)hadτ + µ(

 = 165 GeVHM

(c)

 [rad]track
closestθ

0 0.1 0.2 0.3 0.4 0.5 0.6

E
n

tr
ie

s 
/ 0

.0
4 

ra
d

0

20

40

60

80

100

120

140

 [rad]track
closestθ

0 0.1 0.2 0.3 0.4 0.5 0.6

E
n

tr
ie

s 
/ 0

.0
4 

ra
d

0

20

40

60

80

100

120

140 W+jets
γW+

tt
WZ/ZZ
DY
WW

 100×HWW 
Data

OS Hadronic Tau
)hadτ + µ(

 = 165 GeVHM

(d)

FIG. 9: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) OS Hadronic Tau (e+τhad) and (c,d) OS Hadronic Tau (µ+τhad) search
samples. The overlaid signal predictions correspond to the sum of four production modes (ggH , WH, ZH, and VBF) for a
Higgs boson with mass of 165 GeV/c2 and are multiplied by factors of 100 for visibility.
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FIG. 10: Predicted and observed distributions of output variables from BDTs trained to separate potential Higgs boson events
from background contributions in the (a,c) OS Hadronic Tau (e+τhad) and (b,d) OS Hadronic Tau (µ+τhad) search samples
for 125 and 165 GeV/c2 Higgs boson masses. The overlaid signal predictions correspond to the sum of four production modes
(ggH , WH, ZH, and VBF) and are multiplied by factors of 100 for visibility.
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C. Trilepton search samples1711

The numbers of expected events from each contribut-1712

ing signal and background process are compared in Ta-1713

ble VII with the total number of observed events in each1714

of the four trilepton search samples. Background and sig-1715

nal predictions, referring to potential Higgs boson masses1716

of 125 and 165 GeV/c2, come directly from the modeling1717

described in Sec. VI.1718

A summary of the kinematic variables used as in-1719

puts to the multivariate algorithms in these four search1720

samples is shown in Table VIII. For the Trilepton1721

WH (ℓ+ℓ+τhad) sample, identification variables associ-1722

ated with the hadronically-decaying tau lepton candidate1723

are also important for suppressing the dominant Z+jets1724

background contribution and are included as inputs to1725

the multivariate algorithm. These variables are listed in1726

Table VI.1727

In all Trilepton search samples signal contributions1728

from ggH and VBF production are negligible, and we1729

consider potential event yields from VH production only.1730

For the Trilepton WH search sample, approximately1731

50% of background events originate from direct WZ1732

production. The neural network trained for this sam-1733

ple uses the following 14 kinematic variables as in-1734

puts: pT (ℓ2), ∆R(ℓ+ℓ−)near, ∆R(ℓ+ℓ−)far, MT (ℓ,ℓ,ℓ),1735

Njets, E/T , ∆φ(ℓ2, E/T ), MT (ℓ3,E/T ), MT (ℓ,ℓ,ℓ,E/T ,jets),1736

M(ℓ3,E/T ,jets), M(ℓ1,ℓ2,E/T ), M(ℓ+ℓ−)near , HT , and1737

F (ℓℓℓ). Distributions of the most discriminating among1738

these variables, ∆R(ℓ+ℓ−)near and E/T , are shown in1739

Figs. 11(a) and 11(b). The purpose of these variables1740

is to isolate the collinear leptons originating from the1741

spin correlations between the two W bosons produced in1742

the decay of the spin-0 Higgs boson and the large missing1743

transverse energy associated with the neutrinos produced1744

in the leptonic decays of three W bosons. Examples of1745

neural network output distributions for this search sam-1746

ple are shown in Figs. 12(a) and 13(a) for Higgs boson1747

masses of 125 and 165 GeV/c2, respectively.1748

For the Trilepton WH (ℓ+ℓ+τhad) search sample1749

≈ 80% of background events originate from Z+jets1750

production. A BDT is used to combine both kine-1751

matic and tau lepton identification variables as in-1752

puts to the multivariate algorithm. The 16 kine-1753

matic variables used as inputs to the BDT al-1754

gorithm are pT (ℓ1), pT (ℓ2), pT (ℓ3), ∆R(ℓ+ℓ−)near,1755

∆R(ℓ+ℓ−)far, MT (ℓ,ℓ,ℓ), M(ℓℓℓ), E/T , ∆φ(ℓ2, E/T ),1756

E/
sig
T , MT (ℓ3,E/T ), MT (ℓ,ℓ,ℓ,E/T ,jets), M(ℓ3,E/T ,jets),1757

M(ℓ1,ℓ2,E/T ), M(ℓ+ℓ−)near , and HT . The 12 tau lepton1758

identification variables listed in Table VI are also used.1759

Distributions of the most discriminating among these1760

variables, ∆R(ℓ+ℓ−)far and E/T , are shown in Figs. 11(c)1761

and 11(d). Examples of BDT output distributions are1762

shown in Figs. 12(b) and 13(b) for Higgs boson masses1763

of 125 and 165 GeV/c2, respectively.1764

For the Trilepton ZH search samples, the presence1765

of an opposite-sign dilepton pair with a mass consis-1766

tent with the Z boson mass ensures that potential sig-1767

nal contributions originate almost exclusively from ZH1768

production. Likewise, most background event contribu-1769

tions originate from processes containing a real Z boson1770

(≈ 50% from direct WZ and ZZ production). Neural net-1771

works are trained to separate these background contribu-1772

tions from signal. Typically, one of the W bosons decays1773

hadronically yielding potentially multiple reconstructed1774

jets within each event. Hence, potential signal contribu-1775

tions in the (1 Jet) search sample are smaller than those1776

in the (2+ Jets) sample. In addition, the possibility of1777

reconstructing all Higgs boson decay products in the (2+1778

Jets) sample events allows for the full reconstruction of a1779

Higgs boson mass, which provides an additional highly-1780

discriminating variable to enhance signal-to-background1781

separation.1782

For the Trilepton ZH (1 Jet) sample a large num-1783

ber of kinematic variables are used as inputs to the1784

neural network in an attempt to constrain as much1785

as possible the missing kinematic information associ-1786

ated to the unreconstructed jet. The 16 kinematic in-1787

put variables to the neural network are ∆R(ℓ+ℓ−)near ,1788

∆R(ℓ+ℓ−)far, M(ℓℓℓ), ET (j1), E/T , ∆φ(ℓ1 + ℓ2 +1789

ℓ3, E/T ), ∆φ(ℓ2, E/T ), MT (ℓ,ℓ,ℓ,E/T ,jets), M(ℓ3,E/T ,jets),1790

HT , F (ℓℓℓ), ∆φ(ℓnoZ , E/T ), ∆R(ℓnoZ , j1), MT (ℓnoZ ,E/T ),1791

MT (ℓnoZ ,E/T ,jets), and M(ℓnoZ , E/T ). Distributions1792

of the most discriminating among these variables,1793

∆R(ℓnoZ , j1) and E/T , are shown in Figs. 11(e) and 11(f).1794

Examples of neural network output distributions for this1795

search sample are shown in Figs. 12(c) and 13(c) for Higgs1796

boson masses of 125 and 165 GeV/c2, respectively.1797

Fewer kinematic input variables are required for1798

the neural network used in the Trilepton ZH (2+1799

Jets) sample due to the additional discrimination con-1800

tributed by variables related to the reconstructed Higgs1801

boson mass. The following 10 kinematic variables1802

are used as inputs to the net: ET (j1), ET (j2),1803

M(jj), E/T , F (ℓℓℓ), ∆R(ℓnoZ ,jet)near , MT (ℓnoZ ,E/T ),1804

MT (ℓnoZ ,E/T ,jets), M(ℓnoZ, E/T ), and ∆R(WW ). Dis-1805

tributions of the most discriminating among these vari-1806

ables, ∆R(ℓnoZ ,jet)near and E/T , are shown in Figs. 11(g)1807

and 11(h). Examples of neural network output distri-1808

butions for this search sample are shown in Figs. 12(d)1809

and 13(d) for Higgs boson masses of 125 and 165 GeV/c2,1810

respectively.1811



30

TABLE VII: Summary of predicted and observed event yields for four trilepton search samples. Expected signal yields are
shown for potential SM Higgs boson masses of 125 and 165 GeV/c2.

Process Trilepton WH Trilepton WH Trilepton ZH Trilepton ZH

ℓ+ℓ+τhad 1 Jet 2+ Jets

tt̄ 0.75 ± 0.23 2.1 ± 0.4 0.12 ± 0.05 0.2 ± 0.04

WZ and ZZ 10.1 ± 1.2 3.7 ± 0.7 19.9 ± 2.4 10.0 ± 1.6

Z+jets 4.9 ± 1.1 31.6 ± 6.1 9.9 ± 2.3 7.8 ± 1.4

Zγ 4.87 ± 0.97 2.6 ± 0.4 7.8 ± 1.6 3.0 ± 0.8

Total Background 20.6 ± 2.2 40.0 ± 6.5 37.7 ± 4.6 20.9 ± 3.1

MH = 125 GeV/c2

WH 0.49 ± 0.07 0.11 ± 0.02 0.02 ± 0.01 0.01 ± 0.01

ZH 0.11 ± 0.02 0.05 ± 0.01 0.24 ± 0.04 0.30 ± 0.04

Total Signal 0.60 ± 0.08 0.16 ± 0.02 0.26 ± 0.04 0.30 ± 0.04

MH = 165 GeV/c2

WH 1.03 ± 0.14 0.30 ± 0.04 0.04 ± 0.01 0.02 ± 0.01

ZH 0.24 ± 0.03 0.11 ± 0.02 0.31 ± 0.05 0.8 ± 0.1

Total Signal 1.27 ± 0.17 0.41 ± 0.06 0.35 ± 0.05 0.8 ± 0.1

Data 20 28 38 26
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TABLE VIII: Summary of kinematic variables used as inputs to the multivariate algorithms for separating signal and background
contributions in the trilepton search samples.

Variable Definition Trilepton Trilepton Trilepton Trilepton

WH WH ZH ZH

ℓ+ℓ+τhad 1 Jet 2+ Jets

pT (ℓ1) Transverse momentum of leading lepton X

pT (ℓ2) Transverse momentum of subleading lepton X X

pT (ℓ3) Transverse momentum of subsubleading lepton X

∆R(ℓ+ℓ−)near Minimum ∆R(ℓℓ) among opposite-sign lepton pairs X X X

∆R(ℓ+ℓ−)far Maximum ∆R(ℓℓ) among opposite-sign lepton pairs X X X

MT (ℓ,ℓ,ℓ) Transverse mass of the three leptons X X

M(ℓℓℓ) Invariant mass of the three leptons X X

ET (j1) Transverse energy of the leading jet X X

ET (j2) Transverse energy of the subleading jet X

M(jj) Invariant mass of the two leading jets X

Njets Number of jets in event X

E/T Missing transverse energy X X X X

∆φ(ℓ2, E/T ) Azimuthal angle between the subleading lepton and the E/T X X X

∆φ(ℓ1 + ℓ2 + ℓ3, E/T ) Azimuthal angle between ~pT (ℓ1)+ ~pT (ℓ2)+ ~pT (ℓ3) and the E/T X

E/sig

T E/T /(ΣET (ℓ,jets))1/2
X

MT (ℓ3,E/T ) Transverse mass of the subsubleading lepton and the E/T X X

MT (ℓ,ℓ,ℓ,E/T ,jets) Transverse mass of the three leptons, all jets and the E/T X X X

M(ℓ3,E/T ,jets) Invariant mass of the subsubleading lepton, all jets and the E/T X X X

M(ℓ1,ℓ2,E/T ) Invariant mass of the leading and subleading leptons and the E/T X X

M(ℓ+ℓ−)near Invariant mass of opposite-sign lepton pair closest in ∆φ X X

HT Scalar sum of lepton pT , jet ET , and the E/T X X X

F (ℓℓℓ) Trilepton flavor combination (3 × e, µ, or unspecified track) X X X

∆φ(ℓnoZ, E/T ) Azimuthal angle between the lepton not associated with the Z X

and the E/T

∆R(ℓnoZ, j1) ∆R between lepton not associated with Z and leading jet X

∆R(ℓnoZ ,jet)near ∆R between lepton not associated with Z and closest jet X

MT (ℓnoZ ,E/T ) Transverse mass of lepton not associated with Z and the E/T X X

MT (ℓnoZ ,E/T ,jets) Transverse mass of lepton not associated with Z, all jets and X X

the E/T

M(ℓnoZ , E/T ) Invariant mass of lepton not associated with Z and the E/T X X

∆R(WW ) ∆R between hadronically and leptonically decaying W bosons X
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FIG. 11: Predicted and observed distributions of kinematic input variables providing the largest separation between potential
signal and background contributions in the (a,b) WH Trilepton, (c,d) WH Trilepton (ℓ+ℓ +τhad), (e,f) ZH Trilepton (1 Jet),
and (g,h) ZH Trilepton (2+ Jets) search samples. The overlaid signal predictions correspond to the sum of two production
modes (WH and ZH) for a Higgs boson with mass of 165 GeV/c2 and are multiplied by factors of 10 to 20 for visibility.
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FIG. 12: Predicted and observed distributions of multivariate algorithm output variables for algorithms trained to separate
potential Higgs boson events from background contributions in the (a) WH Trilepton, (b) WH Trilepton (ℓ+ℓ+τhad), (c) ZH
Trilepton (1 Jet), and (d) ZH Trilepton (2+ Jets) search samples for the case of a 125 GeV/c2 Higgs boson mass. The overlaid
signal predictions correspond to the sum of two production modes (WH and ZH) and are multiplied by factors of 10 for visibility.
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FIG. 13: Predicted and observed distributions of multivariate algorithm output variables for algorithms trained to separate
potential Higgs boson events from background contributions in the (a) WH Trilepton, (b) WH Trilepton (ℓ+ℓ+τhad), (c) ZH
Trilepton (1 Jet), and (d) ZH Trilepton (2+ Jets) search samples for the case of a 165 GeV/c2 Higgs boson mass. The overlaid
signal predictions correspond to the sum of two production modes (WH and ZH) and are multiplied by factors of 10 for visibility.
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IX. SYSTEMATIC UNCERTAINTIES1812

The discriminant output distributions in each of the1813

13 search samples are combined in a fit to determine the1814

Higgs boson signal rate. Inputs to the fit include both1815

rate uncertainties on expected event yields from each spe-1816

cific background and signal process and also shape uncer-1817

tainties on the expected distribution of events within the1818

discriminant outputs for each process. We perform a sin-1819

gle simultaneous fit to the 13 data discriminant outputs1820

obtained from the different search samples. We account1821

for correlations between uncertainties across the different1822

search samples and the different background and signal1823

processes.1824

Rate uncertainties on the contributing background1825

processes are summarized in Table IX for the seven dilep-1826

ton search samples formed from electron and muon can-1827

didates, Table X for the additional two dilepton search1828

samples formed from one electron or muon candidate and1829

one hadronically-decaying tau lepton candidate, and Ta-1830

ble XI for the four trilepton search samples. Ranges are1831

used to indicate cases, where the effect of a specific un-1832

certainty source on the estimated event yield for a con-1833

tributing background process varies across the different1834

search samples grouped within the individual tables.1835

All estimated event yields obtained directly from the1836

Monte Carlo simulation are assigned uncertainties from1837

the theoretical cross-section calculation, the data lumi-1838

nosity measurement, and the lepton identification and1839

trigger efficiency measurements used to normalize the1840

simulated event samples. In the case of other simu-1841

lated background samples, whose normalization is ob-1842

tained from data control samples, these uncertainties are1843

not applicable.1844

Theoretical diboson production cross sections are1845

taken from mcfm [111] with a renormalization scale of1846

µ0 = M2
V +p2

T (V ), where MV is the boson mass, and the1847

mstw2008 [44] PDF set. Calculations of WZ and ZZ1848

production rates necessarily include contributions from1849

γ∗ → ℓ+ℓ− processes, where the invariant dilepton mass1850

from the neutral current exchange is restricted to the1851

range 75 < mℓ+ℓ− < 105 GeV/c2. The calculated cross1852

sections are 11.34 pb for WW production, 3.22 pb for WZ1853

production, and 1.20 pb for ZZ production. We assign1854

a 6% uncertainty based on the effects of different scale1855

choices and the application of mstw2008 PDF uncer-1856

tainty sets on the calculations. For tt̄ production we as-1857

sign a cross section of 7.04 pb [116], based on a top-quark1858

mass of 173.1 ± 1.2 GeV/c2 and the mstw2008nnlo1859

PDF set, yielding an uncertainty of 7%. Similarly for1860

DY production we rely on a NLO cross-section calcula-1861

tion [117], yielding a central value of 251.3 pb with 5%1862

uncertainty. In the case of Zγ production, simulated1863

samples are generated using specific requirements on the1864

minimum pT of the photon and the minimum separation1865

between the photon and the leptons originating from the1866

decay of the Z boson. Because the production cross sec-1867

tion depends significantly on these requirements, we use1868

the cross section determined by the LO generator to nor-1869

malize the event sample and assign a larger 10% uncer-1870

tainty.1871

The measured integrated luminosity of the data sam-1872

ple is assigned an uncertainty of 5.9%, which incorporates1873

a 4.0% uncertainty on the inelastic pp̄ cross section and1874

a 4.3% uncertainty on the efficiency of the CDF lumi-1875

nosity detector. Electron and muon identification effi-1876

ciencies are measured from trigger-unbiased final state1877

leptons reconstructed in Z → ℓ+ℓ− decays collected with1878

single lepton triggers, and associated uncertainties origi-1879

nate from the limited statistical power of these samples.1880

The lepton-identification uncertainty applied to specific1881

search samples depends on the required number of re-1882

constructed leptons in each event. Tau lepton identifi-1883

cation efficiencies are measured from the OS Hadronic1884

Tau (µ+ τhad, low E/T , low ∆φ( ~pT (ℓ), ~E/T )) control sam-1885

ple with associated uncertainty due to the limited sam-1886

ple size and subtraction of non DY background contribu-1887

tions. Single-lepton trigger efficiencies are also measured1888

from the trigger-unbiased final state lepton in Z → ℓ+ℓ−1889

decays collected with single lepton triggers, and uncer-1890

tainties originate from the statistics of the samples.1891

Acceptance uncertainties originate from approxima-1892

tions employed within the signal and background process1893

generators and mismodeling in the detector simulation.1894

To account for the potential acceptance effects of higher-1895

order amplitudes not incorporated in event generators,1896

additional rate uncertainties are included on the pre-1897

dicted event yields. For samples generated with pythia,1898

we assign an uncertainty of 10%, which is the observed1899

acceptance difference obtained from WW event samples1900

generated at LO with pythia and at NLO using the1901

mc@nlo [95] program. In the specific case of WW pro-1902

duction, we use pythia to model observed differences in1903

the WW pT spectrum, when applying harder and softer1904

fragmentation scales in the parton shower algorithms1905

used for modeling higher-order effects. Events from the1906

simulated mc@nlo WW event sample are reweighted1907

as a function of WW pT to match the changes in the1908

spectra obtained from increasing or decreasing the size1909

of the fragmentation scales, and uncertainties are as-1910

signed based on changes in acceptance resulting from1911

these reweightings. Normalization of the simulated Wγ1912

event samples is obtained from a control sample contain-1913

ing SS dileptons with invariant mass Mℓℓ < 16 GeV/c2.1914

Because modeling of higher-order amplitudes can affect1915

the extrapolation of this normalization to predicted Wγ1916

event yields for the search samples containing dileptons1917

with Mℓℓ > 16 GeV/c2, the 10% rate uncertainty is re-1918

tained for these cases. Because the simulated Zγ event1919

sample is generated with an incomplete luminosity pro-1920

file, we assign a slightly higher 15% uncertainty.1921

Event yields obtained from simulated event samples1922

also have uncertainties associated with mismodelings in1923

the detector simulation. We vary the energy scale of1924

reconstructed jets in simulated events within an uncer-1925

tainty range determined from pT balancing studies per-1926
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TABLE IX: Uncertainties on background process event yields for seven dilepton search samples formed from electron and muon
candidates. The symbol ∗ indicates uncertainty sources applied only in the SS (1+ Jets) search sample. The symbol † indicates
uncertainty sources applied only in the OS Base (2+ Jets) search sample. The DYa column corresponds to uncertainties on
the untuned Monte Carlo models of DY background contributions to the OS Inverse Mℓℓ, SS (1+ Jets), and OS Base (2+ Jets)
search samples. The DYb column corresponds to uncertainties on the tuned Monte Carlo model of DY background contributions
to the OS Base (0 Jet) and OS Base (1 Jet) search samples.

Uncertainty source WW WZ ZZ tt̄ DYa DYb Wγ W+Jets

Theoretical cross section 6% 6% 6% 7% 5%

Luminosity 5.9% 5.9% 5.9% 5.9% 5.9%

Lepton (e or µ) identification efficiency 3.8% 3.8% 3.8% 3.8% 3.8%

Trigger efficiency 2.0% 2.0% 2.0% 2.0% 2.0%

Higher-order diagrams 2.3-17% 10% 10% 10% 10% 0-10%

Jet energy scale 1.2-21% 1.1-13% 2.0-13% 0.3-28% 4.9-33% 6.5-18% 1.2-22%

Lepton charge mismeasurement∗ 25% 25%

b-quark jet veto modeling† 3.6%

E/T modeling 19-21%

Photon conversion modeling 6.8-8.4%

Jet to lepton (e or µ) misreconstruction rate 14-38%

TABLE X: Uncertainties on background process event yields for two dilepton search samples formed from one electron or muon
candidate and one hadronically-decaying tau lepton candidate.

Uncertainty source WW WZ ZZ tt̄ DY Wγ W+jets

Theoretical cross section 6% 6% 6% 7% 5%

Luminosity 5.9% 5.9% 5.9% 5.9% 5.9%

Lepton (e or µ) identification efficiency 2.8% 2.8% 2.8% 2.8% 2.8%

Lepton (τ ) identification efficiency 1.3% 1.3% 1.3% 2.0% 3.3-3.5%

Trigger efficiency 2.0% 2.0% 2.0% 2.0% 2.0%

Higher-order diagrams 10% 10% 10% 10% 10% 10%

Lepton (e or µ) to lepton (τ ) misreconstruction rate 0.1-0.2% 0.1-0.2% 0.1-0.2% 0.1-0.2% 2.1-2.3% 1.2-2.1%

Photon conversion modeling 6.8%

V +jets control region normalization 12.1%

Jet to lepton (τ ) misreconstruction rate 5.8% 5.8% 5.8% 4.4-5.1% 0.1-0.2% 8.8%

formed on γ∗/Z plus one jet events in data and simula-1927

tion. The resulting differences in predicted event yields1928

are taken as additional rate uncertainties. Since search1929

samples are typically defined by the number of recon-1930

structed jets within each event, changes to the jet en-1931

ergy scale can result in simulated events moving from1932

one search sample to another. Hence, correlations and1933

anti-correlations are included in the jet energy scale un-1934

certainties applied across the different search samples.1935

Modeling of lepton charge mismeasurement rates has a1936

significant impact on predicted background event yields1937

only in the SS (1+ Jets) search sample. Uncertainties1938

are obtained from a comparison of the predicted and ob-1939

served numbers of SS candidate events contained in an1940

inclusive DY control sample.1941

Other uncertainties related to the detector simulation1942

include modeling of the b-quark jet tagging algorithm1943

used for vetoing events in the OS Base (2+ Jets) search1944

sample and modeling of isolated lepton candidates from1945

b-quark decays in the Trilepton search samples. These1946

rate uncertainties apply only to background predictions1947

for tt̄ production, for which resulting events necessar-1948

ily contain two b-quark jets. As discussed in Sec. VI,1949

scale factors are applied to simulated events with jets1950

identified as originating from b-quarks to account for dif-1951

ferences in tagging algorithm performance between data1952

and Monte Carlo and the small subset of data events, for1953

which silicon tracking detector information is not avail-1954

able. Uncertainties associated with these scale factors1955

come primarily from the limited size of the data samples1956

used to estimate them.1957
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TABLE XI: Uncertainties on background process event yields for four trilepton search samples. The symbol ‡ indicates uncer-
tainty sources applied only in the Trilepton WH (ℓ+ℓ+τhad) search sample. The Z+jetsc column corresponds to uncertainties
on the tuned Monte Carlo model of Z+jets background contributions to the Trilepton WH (ℓ+ℓ+τhad) search sample. The
Z+jetsd column corresponds to uncertainties on the data-driven model of Z+jets background contributions to the remaining
three trilepton search samples.

Uncertainty source WZ ZZ tt̄ Zγ Z+jetsc Z+jetsd

Theoretical cross section 6% 6% 7% 10%

Luminosity 5.9% 5.9% 5.9% 5.9%

Lepton (e or µ) identification efficiency 3.8-5.0% 3.8-5.0% 3.8-5.0% 3.8-5.0%

Lepton (τ ) identification efficiency‡ 2.1% 2.1% 1.1% 1.4%

Trigger efficiency 2.0% 2.0% 2.0% 2.0%

Higher-order diagrams 10% 10% 10% 15% 10%

Jet energy scale 0-18% 0-15% 0-2.3% 2.7-17%

Modeling of leptons from b-quark jets 22-42%

Lepton (e or µ) to lepton (τ ) misreconstruction rate‡ 0.5% 0.5% 0.2% 0.7% 0.3%

V +jets control region normalization 12.1%

Jet to lepton (e or µ) misreconstruction rate 18-24%

Jet to lepton (τ ) misreconstruction rate‡ 4.5% 4.5% 5.1% 0.1% 6.5%

For simulated samples normalized to the observed1958

event rate in a specific data control sample, we assign rate1959

uncertainties based on the limited control-sample size1960

and subtraction of residual background contributions.1961

The scale factors applied to Wγ simulated event samples1962

to account for uncertainties in photon-conversion mod-1963

eling is obtained from the SS Inverse Mℓℓ control sam-1964

ple. The normalization applied to simulated W+jet and1965

Z+jet event samples, which are used for modeling contri-1966

butions of these processes to the OS Hadronic Tau and1967

Trilepton WH (ℓ+ℓ+τhad) search samples, is obtained1968

from the OS Hadronic Tau (high ∆φ( ~pT (τ), ~pT (ℓ))) con-1969

trol sample. The construction of the pythia sample1970

tuned to model DY contributions in the OS Base (01971

Jet) and OS Base (1 Jet) search samples is described1972

in Sec. VI. The E/T in each simulated event is shifted to1973

account for effects of multiple interactions and the result-1974

ing sample is normalized to event counts in data obtained1975

from the OS Base (Intermediate E/
spec
T ) control sample.1976

Uncertainties from E/T modeling applied to the corre-1977

sponding event yield predictions are obtained through1978

additional ±2 GeV shifts with respect to the nominal1979

E/T correction and renormalization of the retuned event1980

samples.1981

The data-driven procedure for modeling W+jet and1982

Z+jet contributions to search samples that do not in-1983

corporate hadronically-decaying tau lepton candidates is1984

also described in Sec. VI. Jet-to-lepton misidentification1985

rates are measured in inclusive jet samples collected us-1986

ing single jet triggers and applied as weights to events1987

containing both reconstructed leptons and jets. Differ-1988

ences in the measured jet misidentification rate from1989

event samples collected with varied ET thresholds are1990

observed due to changes in the relative contributions of1991

quark and gluon jets in these samples. Rate uncertain-1992

ties on the predicted event yields are obtained by propa-1993

gating these differences through the modeling procedure.1994

For the search samples that incorporate hadronically-1995

decaying tau lepton candidates, lepton-to-tau and jet-to-1996

tau misidentification rates are modeled within the event1997

simulation and validated using data control samples. As-1998

signed uncertainties are based on differences between pre-1999

dicted and observed event yields for these control sam-2000

ples.2001

In the context of a combined search, assumptions are2002

needed on the relative sizes of the expected contribu-2003

tions originating from each production process. We in-2004

corporate full rate uncertainties on estimated event yields2005

within the final fit. Rate uncertainties applied to esti-2006

mated signal contributions from each production mode2007

are summarized in Table XII. Here, uncertainty ranges2008

cover variations across all 13 search samples, which de-2009

pend on the same set of simulated samples for model-2010

ing potential signal. Contributions from ggH and VBF2011

production are not considered in the SS (1+ Jets) and2012

Trilepton search samples.2013

Theoretical cross-section calculations used to normal-2014

ize simulated signal event samples and associated uncer-2015

tainties are described in Sec. II. Uncertainties on ggH2016

production are much larger for higher jet multiplicity2017

search samples, and an algorithm is used to assign cor-2018

related rate uncertainties to each search sample. The2019

inputs to this algorithm are the theoretical uncertain-2020

ties associated with calculations of the inclusive, exclu-2021

sive one or more parton, and exclusive two or more par-2022

ton ggH production cross sections. The ggH theoretical2023

cross-section uncertainty range reported in Table XII is2024
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TABLE XII: Uncertainties on signal process event yields for all search samples. The symbol ⊥ indicates uncertainty sources
applied only in the two OS Hadronic Tau and Trilepton WH (ℓ+ℓ+τhad) search samples.

Uncertainty source ggH WH ZH VBF

Theoretical cross section 14-44% 5% 5% 10%

Luminosity 5.9% 5.9% 5.9% 5.9%

Lepton (e or µ) identification efficiency 2.8-3.8% 2.8-5.0% 2.8-5.0% 2.8-3.8%

Lepton (τ ) identification efficiency⊥ 4.1% 1.4-2.1% 1.6-2.2% 4.0%

Trigger efficiency 2.0% 2.0% 2.0% 2.0%

Higher-order diagrams 2.3-13% 10% 10% 10%

Jet energy scale 0-15% 0-20% 0-7.8% 0-13%

Lepton (e or µ) to lepton (τ ) misreconstruction rate⊥ 0.1% 0.1% 0.1% 0.1%

Jet to lepton (τ ) misreconstruction rate⊥ 3.5-4.5% 2.9-4.2% 0-0.4%

obtained from the quadrature sum of all contributions as2025

applied within each of the 13 search samples. The other2026

rate uncertainties applied to estimated signal event yields2027

correspond directly to those applied to background pre-2028

dictions and are obtained following the same methodol-2029

ogy.2030

Each source contributing to the rate uncertainties as-2031

signed to background and signal predictions can also af-2032

fect the shapes of discriminant outputs associated with2033

the corresponding processes. The effects of all uncer-2034

tainty sources on discriminant distributions are studied2035

and found to be mostly negligible. In the remaining cases2036

shape uncertainties, which correspond to correlated but2037

nonuniform bin-by-bin rate uncertainties applied across2038

a single discriminant distribution, are incorporated. In2039

particular, we account for the uncertainty originating2040

from missing higher-order amplitudes to the modeled2041

Higgs boson pT spectrum on the shapes of the ggH dis-2042

criminant outputs for each of the six OS dilepton search2043

samples. Similarly, the effects of uncertainties from miss-2044

ing higher-order amplitudes to the modeled WW pT spec-2045

trum on the shapes of WW discriminant outputs are also2046

included. Figures 14(a) and 14(b) show resulting exam-2047

ples of the bin-by-bin scalings applied in individual search2048

samples to generate alternative ggH and WW discrimi-2049

nant shapes.2050

The shapes of DY discriminant outputs are also found2051

to be significantly altered by uncertainties associated2052

with E/T modeling in the four OS Base (0 or 1 Jet) search2053

samples and by uncertainties associated with jet energy-2054

scale modeling in the OS Base (2+ Jets) search sample.2055

Figures. 14(c) and 14(d) show examples of the bin-by-bin2056

scalings applied in these search samples to generate the2057

alternative DY discriminant shapes. For the SS (1+ Jets)2058

search sample, uncertainties associated with jet energy-2059

scale modeling are determined to significantly affect the2060

shapes of discriminant outputs associated with both sig-2061

nal (WH and ZH) and background (WW, WZ, and DY)2062

contributions. Figures 14(e) and 14(f) show resulting2063

examples of the bin-by-bin scalings used to generate al-2064

ternative signal and background discriminant shapes.2065

X. RESULTS2066

The primary goal is to test for the presence of sig-2067

nal events originating from Higgs boson production and2068

decay. We adopt a Bayesian approach to estimate or2069

bound the signal strength most consistent with the ob-2070

served data. If the SM prediction of the signal strength2071

for a specific value of mH is larger than the observed 95%2072

C.L. upper limit, that value is excluded at the 95% C.L.2073

We quantify the search sensitivity using the median of2074

the expected upper limit distribution as obtained in an2075

ensemble of experiments simulated without signal.2076

The extraction of results is complicated by the presence2077

of multiple signal production processes, each potentially2078

contributing signal events with differing kinematic signa-2079

tures. Combination of results from multiple search sam-2080

ples is pursued to optimize the search sensitivity. Fur-2081

thermore, predictions of expected signal and background2082

rates within each bin of the discriminant distributions2083

associated with the different search samples are affected2084

by systematic uncertainties. Many of these systematic2085

uncertainties are correlated across discriminant bins, be-2086

tween signal and background components, and between2087

search samples. Uncertainty sources that result in events2088

migrating between search samples need to be treated as2089

anti-correlated with respect to those samples. To address2090

these issues correctly, we use the methodology described2091

in Ref. [106] as summarized below.2092

The contents of low signal-to-background (s/b) bins2093

serve to constrain the values of nuisance parameters, cor-2094

responding to each of the individual sources of system-2095

atic uncertainty on signal and background modeling. The2096

same sources of systematic uncertainty affect predictions2097

for signal and background yields in the high-s/b bins,2098

which are more sensitive to the presence of a Higgs bo-2099

son signal and measuring the signal strength.2100
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FIG. 14: Example bin-by-bin scalings used to obtain alternative neural network discriminant outputs associated with (a)
higher-order diagrams uncertainty on the ggH contribution in the OS Inverse Mℓℓ search sample, (b) higher-order diagrams
uncertainty on the WW background contribution in the OS Base (1 Jet, high s/b Leptons) search sample, (c) E/T modeling
uncertainty on the DY background contribution in the OS Base (0 Jet, high s/b Leptons) search sample, (d) jet energy scale
uncertainty on the DY contribution in the OS Base (2+ Jets) search sample, (e) jet energy scale uncertainty on the WH
contribution in the SS (1+ Jets) search sample, and (f) jet energy scale uncertainty on the WZ contribution in the SS (1+
Jets) search sample.
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We grouped the systematic uncertainties in three2101

classes, according to their impact on the interpretation2102

of results. The first class includes systematic effects af-2103

fecting the event rates, which uniformly scale the pre-2104

dicted yields in each bin of the modeled discriminants.2105

A second category corresponds to uncertainties affect-2106

ing the shapes of the discriminants’ distributions, which2107

are also parametrized using common nuisance parameters2108

and therefore applied as correlated across all bins within2109

a modeled discriminant. In this case, bin-to-bin scalings2110

are not required to be uniform, allowing for distortions2111

in the discriminant shape. A final category is for bin-2112

by-bin independent uncertainties, which arise from the2113

limited size of simulated and experimental data samples.2114

Uncertainties associated with the last two categories re-2115

duce the constraining power of low-s/b bins on nuisance2116

parameters.2117

The likelihood function, L(data|s, b, ~ν), is the same as2118

that used in Ref. [106], with ~ν representing the nuisance2119

parameters. Shape uncertainties are applied first in an2120

additive fashion, interpolating and extrapolating the con-2121

tents in each bin according to the value of the nuisance2122

parameter governing the shape distortion and the dif-2123

ference between the central and alternative shapes of the2124

modeled discriminant. The prior probability densities as-2125

sumed for the systematic uncertainties are Gaussian, and2126

bin contents are constrained to be positive in this pro-2127

cedure. Bin-by-bin uncertainties are then applied to the2128

signal and background predictions as Gaussians that are2129

again truncated to prevent negative values of predictions.2130

Finally, rate uncertainties are applied multiplicatively,2131

scaling all discriminant bins by the same factor. Gaus-2132

sian prior densities are also used for rate uncertainties2133

with constraints to avoid negative scale factors. Asym-2134

metric rate and shape uncertainties are parametrized as2135

in Ref. [106]. Correlations in the predictions for differ-2136

ent signal and background processes are accounted for2137

by applying effects of shared uncertainty sources consis-2138

tently across the modeled discriminants for each search2139

sample. Because of the requirement for combining the2140

results from several different search samples, a single pa-2141

rameter R is used to scale all signal contributions.2142

We integrate the likelihood function multiplied by the
product of the prior densities for the nuisance parame-
ters, over the nuisance parameters

L′(data|Rs, b) =

∫

L(data|Rs, b, ~ν)π(~ν)d~ν, (4)

where π(~ν)d~ν is the joint prior probability density for all2143

of the nuisance parameters as described in Ref. [118]. In2144

this case the joint prior density is the product of individ-2145

ual prior densities as systematic uncertainty sources are2146

treated as uncorrelated.2147

As described in Ref. [118], a limit on R is obtained
from

0.95 =

∫ Rlimit

0 L′(data|Rs, b)π(R)
∫ ∞

0 L′(data|Rs, b)π(R)
, (5)

where π(R) is a uniform prior density over all positive val-
ues of R. The value of R that maximizes L′(data|Rs, b) is
defined as the best-fit value. The interval for quoting one
standard deviation uncertainties is given by the shortest
interval [Rlow, Rhigh] satisfying

0.68 =

∫ Rhigh

Rlow
L′(data|Rs, b)π(R)

∫ ∞

0
L′(data|Rs, b)π(R)

. (6)

Search sensitivity is estimated by generating multiple2148

simulated test experiments according to background-only2149

predictions and determining the observed limits for each2150

trial. Values of nuisance parameters are separately varied2151

according to their prior densities for each simulated ex-2152

periment. The median observed limit, Rlimit, is used as a2153

gauge of analysis sensitivity. The distribution of possible2154

limits, quantified as those values of R, for which 2.3%,2155

16%, 50%, 84%, and 97.7% of background-only simu-2156

lated experiments fall on one side of those requirements,2157

are used to illustrate the dispersion of possible outcomes2158

associated with a single experiment.2159

A. Diboson cross-section measurements2160

Measurements of diboson production cross sections us-2161

ing the same tools and techniques applied within the2162

Higgs boson search provide an important validation of2163

the analysis framework. A measurement of the pp̄ →2164

W+W− cross section based on the ℓ+ν̄ℓ−ν decay mode2165

was obtained from the OS Base (0 Jet, high s/b) search2166

sample using 3.6 fb−1 of integrated luminosity [119]. A2167

value of σ(pp̄ → W+W− + X) = 12.1 ± 1.8 pb, which2168

is in good agreement with the NLO prediction, was ob-2169

tained using the same matrix-element based discrimi-2170

nants employed within the Higgs boson search. Sim-2171

ilarly, a measurement of the pp̄ → ZZ cross section2172

based on the ℓ+ℓ−νν̄ decay mode was obtained from the2173

OS Base (0 and 1 Jet) search samples using 6.0 fb−1
2174

of integrated luminosity [120]. Neural network based2175

discriminants were used to extract a value of σ(pp̄ →2176

ZZ + X) = 1.34 ± 0.56 pb, which is in good agree-2177

ment with the NLO zero-width calculation, to which the2178

result was normalized. Finally, a measurement of the2179

pp̄ → W±Z cross section based on the ℓ±νℓ+ℓ− decay2180

mode was obtained from the Trilepton WH search sam-2181

ple using 7.1 fb−1 of integrated luminosity [121]. Neural2182

network discriminants were again used to extract a value2183

of σ(pp̄ → W±Z +X) = 3.93 ± 0.84 pb, in good agree-2184

ment with the NLO prediction.2185

B. SM Higgs boson interpretation2186

We determine limits on SM Higgs boson production2187

for the combination of all search samples and for groups2188

of samples with analogous final states. The limit cal-2189

culations are performed separately for each of the 192190
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Higgs boson mass hypotheses considered. Because we2191

account for potential contributions from all four Higgs2192

boson production modes, resulting limits are determined2193

as ratios with respect to SM expectations. Based on the2194

(N)NLO Higgs boson production cross sections and decay2195

branching ratios for H → W+W− presented in Sec. II,2196

the largest potential signal contributions would originate2197

from a Higgs boson with a mass of 165 GeV/c2, and the2198

best combined search sensitivity is indeed obtained for2199

this mass hypothesis. The actual sensitivity of an in-2200

dividual search sample under a specific mass hypothesis2201

depends both on the signal-to-background ratio of events2202

in the sample and the ability of the neural network to sep-2203

arate background contributions from the potential signal2204

contributions associated with the hypothesized Higgs bo-2205

son mass.2206

The OS Base (0 Jet) search samples have the highest2207

sensitivity to SM Higgs boson production. The dom-2208

inant signal contributions originate from ggH produc-2209

tion. Similar sensitivity is obtained from the OS Base (12210

Jet) and OS Base (2+ Jets) samples, where additional2211

signal contributions from VH and VBF production have2212

a more significant impact. The OS Inverse Mℓℓ search2213

sample, with dominant signal contributions from ggH2214

production, is approximately 50% less sensitive than the2215

OS Base samples for the mH =165 GeV/c2 hypothesis.2216

But for the mH =125 GeV/c2 hypothesis the sensitiv-2217

ity is closer since a higher fraction of potential signal2218

events satisfy the kinematic criteria of this sample. The2219

SS (1+ Jets), Trilepton WH, and Trilepton ZH search2220

samples, which focus exclusively on VH production, con-2221

tribute sensitivities of typically 20-50% of the best OS2222

Base samples. However, the inclusion of these samples2223

has a nonnegligible impact on the combined search sen-2224

sitivity, and important information on the potential cou-2225

plings of heavy vector bosons to a potential Higgs boson2226

can be extracted directly from these samples. Because2227

they contain much larger background contributions, the2228

OS Hadronic Tau search samples contribute significantly2229

less to the combined search sensitivity. Since the neu-2230

ral networks are unable to separate background and sig-2231

nal contributions in these samples for low Higgs boson2232

masses, these samples are incorporated into combined2233

limits only for mass hypotheses of 130 GeV/c2 and above.2234

Table XIII presents limits on Higgs boson production2235

obtained from combinations of search samples with anal-2236

ogous final states and from the combination of all search2237

samples. Median expected 95% C.L. upper limits assum-2238

ing the background-only hypothesis, and corresponding2239

observed limits on Higgs boson production relative to2240

SM expectations are shown for the 125 and 165 GeV/c22241

mass hypotheses. Limits obtained from the combination2242

of all search samples for 19 Higgs boson mass hypotheses2243

within the range 110 < mH < 200 GeV/c2 are presented2244

in Table XIV along with boundaries on the one and two2245

standard deviations assuming the background-only hy-2246

pothesis. These limits are also presented graphically in2247

Fig. 15(a). SM Higgs boson mass values are excluded at2248

TABLE XIII: Median expected 95% C.L. upper limits as-
suming the background-only hypothesis, and corresponding
observed limits on Higgs boson production relative to SM ex-
pectations for the mH =125 and 165 GeV/c2 mass hypotheses
obtained from combinations of search samples with analogous
final states and the combination of all search samples.

mH =125 GeV/c2 mH =165 GeV/c2

Search sample(s) Obs/σSM Exp/σSM Obs/σSM Exp/σSM

OS Base (0 Jet) 4.76 7.30 1.36 1.41

OS Base (1 Jet) 9.86 9.76 1.45 1.85

OS Base (2+ Jets) 18.1 7.34 2.83 1.95

OS Inverse Mℓℓ 11.9 11.0 1.71 2.76

SS (1+ Jets) 13.9 11.7 4.20 3.95

Trilepton WH 12.1 12.2 4.79 4.36

Trileptons ZH 19.9 23.2 4.94 6.59

OS Hadronic Tau 15.7 11.7

All samples 3.26 3.25 0.493 0.701

the 95% C.L. in the range, over which the observed limits2249

lie below one (the expected SM production rate). The ob-2250

served exclusion is for Higgs boson masses in the range2251

149 < mH < 172 GeV/c2, where the median expected2252

exclusion, assuming the background-only hypothesis, is2253

155 < mH < 175 GeV/c2.2254

We also fit for the Higgs boson production rate most2255

compatible with the observed data. Best-fit cross sections2256

normalized to SM expectations are displayed as a func-2257

tion of the Higgs boson mass in Fig. 15(b). In the cross2258

section fit, the SM ratios for the relative rates of the four2259

contributing production mechanisms are assumed. Over2260

a significant fraction of the tested mass range, the fit2261

to the data indicates little or no contribution associated2262

with Higgs boson production. For the mH = 125 GeV/c22263

mass hypothesis, the fitted Higgs boson production rate2264

relative to the SM expectation is 0.00+1.78
−0.00, which is com-2265

patible at the level of one standard deviation with both2266

SM Higgs boson and background-only expectations.2267

C. Limits on ggH production and Higgs boson2268

constraints in SM42269

Because Higgs boson ggH production proceeds at2270

lowest order via a virtual loop containing strongly-2271

interacting particles, the production rate from this mech-2272

anism is sensitive to the existence of particles that may2273

be too massive for direct observation. The presence of a2274

fourth generation of heavy fermions beyond the three of2275

the SM enhances the ggH production cross section by a2276

factor between seven and nine in the range of mH acces-2277

sible at the Tevatron. The presence of a fourth fermion2278

generation affects ggH production only, and neither en-2279

hances nor suppresses WH, ZH, and VBF production.2280
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TABLE XIV: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on Higgs boson production relative to SM expectations from the combination of all search samples for 19 mass hypotheses
within the range 110 < mH < 200 GeV/c2. The boundaries of the one and two standard deviations assuming the background-
only hypothesis are also provided.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

−2σ/σSM 7.11 3.78 2.47 1.67 1.25 1.04 0.84 0.73 0.64 0.54 0.41 0.37 0.43 0.53 0.66 0.80 0.98 1.21 1.23

−1σ/σSM 9.60 5.25 3.25 2.32 1.70 1.37 1.13 0.98 0.85 0.71 0.53 0.50 0.58 0.71 0.87 1.08 1.34 1.54 1.74

Exp./σSM 13.4 7.41 4.51 3.25 2.33 1.89 1.60 1.37 1.16 0.98 0.74 0.70 0.83 1.00 1.18 1.51 1.88 2.12 2.48

+1σ/σSM 18.8 10.4 6.36 4.52 3.20 2.62 2.28 1.91 1.60 1.38 1.04 0.99 1.18 1.39 1.63 2.15 2.63 3.01 3.49

+2σ/σSM 26.0 14.3 8.90 6.19 4.34 3.60 3.22 2.62 2.19 1.94 1.45 1.37 1.66 1.92 2.23 3.01 3.62 4.26 4.81

Obs./σSM 14.1 9.49 5.26 3.26 2.66 2.01 2.02 1.25 0.95 0.74 0.60 0.49 0.84 1.28 1.50 2.53 3.47 4.64 5.65

1

10

110 120 130 140 150 160 170 180 190 200

1

10

mH (GeV/c2)

95
%

 C
L 

Li
m

it/
S

M Expected
Observed
Expected ±1 s.d.
Exepcted ±2 s.d.

(a)

0

1

2

3

4

5

6

7

8

9

10

110 120 130 140 150 160 170 180 190 200
0

1

2

3

4

5

6

7

8

9

10

mH (GeV/c2)

(σ
H
 x

 B
r(

H
→

W
W

))
/S

M Observed

±1 s.d.

±2 s.d.

SM=1

(b)

FIG. 15: (a) Median expected, assuming the background-only hypothesis, (dashed line) and observed (solid line) 95% C.L.
upper limits on Higgs boson production relative to SM expectations from the combination of all search samples as a function of
the Higgs boson mass. The dark and light shaded bands show the one and two standard deviations assuming the background-
only hypothesis. (b) Best-fit cross section for inclusive Higgs boson production, normalized to the SM expectation, for the
combination of all search samples as a function of the Higgs boson mass. The solid line indicates the fitted cross section, and
the associated dark and light shaded regions show the 68% and 95% credibility intervals.

In order to interpret the search in terms of the SM42281

and other non SM models that would affect the ggH2282

production rate, we first extract upper bounds on the2283

ggH production cross section times decay branching ra-2284

tio H →W+W− assuming negligible contributions from2285

WH, ZH, and VBF production. This assumption ensures2286

that resulting limits are the most conservative with re-2287

spect to possible enhancements or suppressions of the2288

other production mechanisms within the context of a par-2289

ticular new physics model. Because SM4 enhances the2290

production rates by a significant amount with respect to2291

SM expectations, we extend the search mass range to2292

300 GeV/c2.2293

Since these limits correspond to a specific Higgs boson2294

production and decay mode, no theoretical rate uncer-2295

tainties associated to signal production and decay are2296

incorporated in the limit calculation. However, because2297

we analyze opposite-sign dilepton events with zero, one,2298

and two or more reconstructed jets in different search2299

samples, uncertainties on the relative fractions of Higgs2300

boson signal events within these samples are retained.2301

Median expected 95% C.L. upper limits assuming the2302

background-only hypothesis, and corresponding observed2303

limits on σ(ggH) × B(H → W+W−) are listed in Ta-2304

ble XV along with boundaries of the one and two stan-2305

dard deviations assuming the background-only hypothe-2306

sis.2307

A comparison between observed upper limits on2308

σ(ggH)×B(H →W+W−) and SM4 expectations based2309

on the production cross sections and decay branching2310

ratios listed in Table I as a function of mH is shown2311

in Fig. 16(a). To extract SM4 model constraints, rate2312

uncertainties associated with the theoretical cross sec-2313

tions and branching ratios are included within the limit2314

calculation. The resulting median expected 95% C.L.2315

upper limits assuming the background-only hypothesis,2316
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TABLE XV: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on σ(ggH) × B(H → W +W−) in picobarns (pb) from the combination of all search samples for 29 mass hypotheses
within the range 110 < mH < 300 GeV/c2. The boundaries of one and two standard deviations assuming the background-only
hypothesis are also provided. The WH, ZH, and VBF Higgs boson production mechanisms are assumed to contribute no events
to the search samples.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180

−2σ 0.70 0.53 0.52 0.46 0.45 0.43 0.39 0.37 0.32 0.28 0.21 0.18 0.21 0.21 0.23

−1σ 0.95 0.77 0.70 0.65 0.61 0.58 0.52 0.51 0.44 0.38 0.28 0.24 0.27 0.29 0.31

Exp. 1.32 1.09 0.97 0.92 0.85 0.81 0.74 0.71 0.62 0.52 0.38 0.33 0.37 0.40 0.44

+1σ 1.84 1.47 1.36 1.29 1.19 1.14 1.05 1.00 0.86 0.72 0.52 0.46 0.51 0.56 0.61

+2σ 2.54 1.94 1.86 1.78 1.64 1.59 1.48 1.38 1.17 0.99 0.72 0.64 0.71 0.77 0.85

Obs. 1.42 1.18 1.04 0.97 0.82 0.69 0.71 0.67 0.41 0.33 0.26 0.28 0.33 0.46 0.54

mH 180 185 190 195 200 210 220 230 240 250 260 270 280 290 300

−2σ 0.23 0.25 0.27 0.28 0.32 0.32 0.32 0.33 0.35 0.30 0.29 0.27 0.25 0.25 0.22

−1σ 0.31 0.34 0.36 0.39 0.42 0.42 0.44 0.45 0.47 0.41 0.39 0.37 0.33 0.33 0.29

Exp. 0.44 0.47 0.50 0.55 0.58 0.59 0.60 0.62 0.65 0.56 0.53 0.51 0.46 0.46 0.40

+1σ 0.61 0.65 0.69 0.77 0.80 0.84 0.83 0.86 0.91 0.79 0.74 0.70 0.64 0.65 0.57

+2σ 0.85 0.90 0.94 1.05 1.10 1.19 1.12 1.19 1.25 1.10 1.01 0.95 0.89 0.91 0.80

Obs. 0.54 0.66 0.81 1.01 1.01 1.38 1.10 1.14 1.34 1.19 0.97 0.95 0.92 1.01 0.81
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FIG. 16: Median expected 95% C.L. upper limits assuming the background-only hypothesis (dashed line), and corresponding
observed limits (solid line) on (a) σ(ggH) × B(H → W +W−) in picobarns (pb) and (b) Higgs boson production relative to
SM4 expectations from the combination of all search samples as a function of the Higgs boson mass. The dark and light shaded
bands show the one and two standard deviations assuming the background-only hypothesis. In the (a) panel, the lighter colored
line indicates the SM4 expectation and the hatched region encompasses the associated theoretical uncertainties.

and corresponding observed limits on Higgs boson pro-2317

duction relative to SM4 expectations are shown in Ta-2318

ble XVI. The same limits are shown graphically in2319

Fig. 16(b). Within the SM4 model we exclude Higgs2320

boson masses in the range 124 < mH < 200 GeV/c2, to2321

be compared against a median expected exclusion range2322

of 124 < mH < 221 GeV/c2.2323

D. Higgs boson constraints in fermiophobic (FHM)2324

model2325

Within the FHM model described in Sec. II, the al-2326

lowed fermiophobic Higgs boson, Hf , production mech-2327

anisms are WHf , ZHf , and VBF. Contributions from2328

the dominant SM gluon fusion production mechanism,2329

ggHf , are negligibly small. Despite a smaller overall pro-2330

duction rate, potential signal contributions of a fermio-2331

phobic Higgs boson are actually larger for lower Higgs2332
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TABLE XVI: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on Higgs boson production relative to SM4 expectations from the combination of all search samples for 29 mass hypotheses
within the range 110 < mH < 300 GeV/c2. The boundaries of one and two standard deviations assuming the background-only
hypothesis are also provided. The WH, ZH, and VBF Higgs boson production mechanisms are assumed to contribute no events
to the search samples.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180

−2σ/σSM4 1.98 1.09 0.66 0.45 0.33 0.25 0.20 0.17 0.13 0.10 0.07 0.06 0.08 0.09 0.12

−1σ/σSM4 2.69 1.46 0.91 0.62 0.45 0.34 0.27 0.22 0.18 0.14 0.09 0.08 0.10 0.13 0.16

Exp./σSM4 3.83 2.05 1.29 0.87 0.62 0.47 0.38 0.31 0.25 0.19 0.12 0.11 0.14 0.18 0.22

+1σ/σSM4 5.49 2.92 1.80 1.22 0.87 0.67 0.53 0.43 0.34 0.27 0.17 0.16 0.20 0.25 0.31

+2σ/σSM4 7.77 4.13 2.49 1.69 1.20 0.92 0.73 0.59 0.46 0.37 0.24 0.23 0.28 0.35 0.43

Obs./σSM4 4.17 2.19 1.29 0.91 0.59 0.39 0.35 0.28 0.16 0.12 0.09 0.10 0.13 0.20 0.27

mH 180 185 190 195 200 210 220 230 240 250 260 270 280 290 300

−2σ/σSM4 0.12 0.16 0.19 0.23 0.29 0.36 0.44 0.53 0.64 0.62 0.71 0.74 0.78 0.83 0.88

−1σ/σSM4 0.16 0.21 0.26 0.32 0.39 0.49 0.59 0.70 0.86 0.86 0.93 0.99 1.03 1.11 1.15

Exp./σSM4 0.22 0.29 0.36 0.45 0.53 0.69 0.82 0.97 1.20 1.22 1.27 1.37 1.43 1.54 1.61

+1σ/σSM4 0.31 0.41 0.51 0.64 0.75 0.97 1.15 1.38 1.66 1.73 1.75 1.92 2.03 2.17 2.27

+2σ/σSM4 0.43 0.58 0.70 0.90 1.03 1.34 1.60 1.94 2.28 2.42 2.41 2.64 2.87 3.02 3.17

Obs./σSM4 0.27 0.38 0.56 0.81 0.78 1.43 1.29 1.58 2.10 2.07 1.83 2.06 2.18 2.67 2.37

boson masses due to increases in the branching ratio,2333

B(Hf → W+W−), relative to the SM.2334

We extract FHM model constraints from the SS (1+2335

Jets) and Trilepton search samples, for which the poten-2336

tial signal contributions originate solely from WHf and2337

ZHf production. Potential WHf , ZHf , and VBF signal2338

contributions to the OS Base search samples are also in-2339

corporated. In the specific case of the OS Base (2+ Jets)2340

sample, the discriminant output used is that obtained2341

directly using the neural network trained specifically for2342

distinguishing signal events originating from the relevant2343

production mechanisms. From the combination of these2344

search samples, we determine 95% C.L. upper bounds on2345

the fermiophobic Higgs boson production rate normal-2346

ized to FHM model expectations using the SM theoreti-2347

cal cross-section predictions for WH, ZH, and VBF pro-2348

duction and branching ratios as predicted by the FHM2349

model for Hf → W+W− listed in Table I. Median ex-2350

pected 95% C.L. upper limits assuming the background-2351

only hypothesis, and corresponding observed limits on2352

fermiophobic Higgs boson production relative to FHM2353

model expectations are listed in Table XVII. These same2354

limits are presented graphically in Fig. 17.2355

XI. CONCLUSION2356

We present the results of CDF searches for the Higgs2357

boson focusing on the H → W+W− decay mode. The2358

searches are based on the final CDF II data set corre-2359

sponding to an integrated luminosity of 9.7 fb−1. In2360

the context of the SM, we exclude at the 95% C.L.2361

1
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FIG. 17: Median expected 95% C.L. upper limits assum-
ing the background-only hypothesis (dashed line), and cor-
responding observed limits (solid line) on fermiophobic Higgs
boson production relative to FHM model expectations from
the combination of all relevant search samples as a func-
tion of the Higgs boson mass. The dark and light shaded
bands show the one and two standard deviations assuming
the background-only hypothesis.

Higgs bosons with masses in the range 149 < mH <2362

172 GeV/c2. The expected exclusion range, in the ab-2363

sence of a signal, is 155 < mH < 175 GeV/c2. In2364

the case of a SM-like Higgs boson in the presence of2365

a fourth generation of fermions with the lowest possi-2366
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TABLE XVII: Median expected 95% C.L. upper limits assuming the background-only hypothesis, and corresponding observed
limits on fermiophobic Higgs boson production relative to FHM model expectations from the combination of all relevant search
samples for 19 mass hypotheses within the range 110 < mH < 200 GeV/c2. The boundaries of the one and two standard
deviations bands assuming the background-only hypothesis are also provided.

mH 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

−2σ/σFHM 0.59 0.61 0.63 0.65 0.74 0.77 0.83 0.86 0.89 0.88 0.89 0.83 0.92 1.03 1.17 1.45 1.76 1.92 2.04

−1σ/σFHM 0.78 0.85 0.86 0.88 0.98 1.03 1.09 1.14 1.20 1.17 1.11 1.08 1.21 1.37 1.58 1.95 2.33 2.53 2.79

Exp./σFHM 1.08 1.18 1.21 1.24 1.35 1.41 1.51 1.60 1.64 1.61 1.50 1.50 1.69 1.95 2.21 2.72 3.24 3.51 3.90

+1σ/σFHM 1.53 1.63 1.69 1.76 1.89 1.95 2.12 2.27 2.25 2.25 2.12 2.13 2.38 2.80 3.10 3.83 4.57 4.96 5.45

+2σ/σFHM 2.13 2.22 2.33 2.47 2.61 2.67 2.95 3.19 3.04 3.10 2.99 2.99 3.33 4.00 4.30 5.32 6.39 6.95 7.51

Obs./σFHM 1.45 2.25 1.90 1.89 1.51 1.85 2.28 1.98 1.95 1.60 1.58 1.28 1.99 2.45 3.05 3.94 4.40 5.48 6.63

ble lepton and neutrino masses, we exclude the range2367

124 < mH < 200 GeV/c2 at the 95% C.L., where the2368

expected exclusion region is 124 < mH < 221 GeV/c2.2369

Upper limits on fermiophobic Higgs boson production are2370

also presented.2371
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108, 101801 (2012).2644

[121] T. Aaltonen et al., Phys. Rev. D 86, 031104(R) (2012).2645

[122] Y. Freund and R. E. Schapire, Journal of Computer and2646

System Sciences 55, 119 (1997).2647


